
New Approaches to the Study 
of Marine Mammals

Edited by Aldemaro Romero and Edward O. Keith

Edited by Aldemaro Romero and Edward O. Keith
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terrestrial counterparts, the environment in which they live, and the impact of 

humans on them throughout history and at the present, have made of the scholarship 
on these creatures something unique in itself. Therefore, it is not surprising that many 
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Preface 
 

The highly specialized nature of marine mammals when compared with their 
terrestrial counterparts, the environment in which they live, and the impact humans 
have had on them today and throughout history, have made of the study of these 
creatures something unique in itself. Probably with the exception of primates, no other 
animal group has been perceived as so distinctive. Therefore, it is not surprising that 
many researchers have also taken a particular approach to their research. 

This volume is aimed at providing a glimpse at such diversity of views and 
approaches while delivering valuable information in marine mammalogy. Given the 
increasing concern regarding issues of anthropogenic factors affecting these animals it 
is not surprising that the majority of chapters deal with environmental issues. 

In the first chapter of this volume I looked at a question that has baffled some 
biologists and historians of science alike: how come the suggestion by Aristotle that 
cetaceans were closely related to their terrestrial counterparts (“viviparous 
quadrupeds”) rather than fish was ignored for about 2,000 years. Interestingly enough 
it was a non-evolutionist naturalist, Carl Linnaeus, who would create the taxon 
Mammalia and include cetaceans among them. I advanced the idea that a combination 
of environmental classification and scholasticism led to their misclassification for 
centuries.   

The late Ed Keith (see his obituary at the end of this book) presents a matrix model of 
fasting metabolism in the northern elephant seal (Mirounga angustirostris). He provides 
evidence that pups maintain a paradoxical fasting hyperglycemia while fasting for 6-8 
weeks after nursing for about 30 days. He discusses this apparent contradiction as 
possibly related to differences in time scale between the enzymatic reactions occurring 
among these animals versus the time scale of the actual fasting period. 

Marsili et al. introduce the original term of  “Test Tube Cetaceans” in the title of their 
chapter describing cetacean fibroblast cell cultures obtained from the skin biopsies of 
stranded cetaceans, as the “test tube cetaceans” to evaluate susceptibility to 
genotoxicity of different environmental contaminants. They suggest how to evaluate 
the presence of DNA damage by Comet assay in these cetaceans after treatment with 
different genotoxic compounds. 
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The chapter by Alava and Gobas on biomagnification and trophic transport of 
persistent organic pollutants (POPs) in the food chain of the Galapagos sea lion 
(Zalophus wollebaeki) provides us with what is probably the first biomagnification 
assessment of POPs in a tropical marine ecosystem of the southeastern Pacific. Despite 
the fact that they studied a population of marine mammals in a protected area (the 
Galapagos Marine Reserve) and far away from the usual sources of industrial 
pollutants, the authors found that endangered species at the top of the food web are 
not immune to the health risks associated with the long range environmental transport 
of POPs. Therefore, this problem, which has been extensively documented for other 
areas of the world, now appears commonplace wherever you look for it. 

Wise et al. provide another study on the topic of marine mammal toxicology. They use 
skin biopsy applications in free ranging marine mammals and found it as a very useful 
tool for studying marine mammal toxicology and conservation. They developed a cell 
line to measure baseline DNA damage levels while serving as a species-specific model 
for evaluating the impacts of marine pollutants on DNA.  Thus, using a skin biopsy 
they were able to assess both exposure and impact of exposure. 

Mouton and Botha take an ecological approach to a topic that has become more and 
more the focus of attention among some marine mammalogists: cutaneous lesions in 
cetaceans due to human impacts on the environment. They review previous reports to 
evaluate the microbes that seem to be the causative agents, as well as contributing 
factors such as anthropogenic activities. They found that anthropogenic activities play 
a role in allowing contact and consequent adhesion of opportunistic microbes from the 
natural environment, as well as from sewage entering the marine environment. They 
also point out at toxic pollutants intruding on the physiology of these mammals by 
compromising their immune systems, rendering them susceptible to a host of health 
threats. They conclude that skin lesions among cetaceans may be indicative of an 
ecosystem under severe pressure and a result of human activities. 

Arbiza et al. report evidence of influenza virus and Mycobacterium pinnipedii infections 
among individuals of two pinnipeds (Arctocephalus australis and Otaria flavescens) on 
the coasts of Uruguay. They confirmed that fur seals could act as reservoirs of human 
influenza strains that circulated in the past, and also suggest that influenza A and B 
viruses may be transmitted from humans to seals. This is most likely the result of 
interactions during capture and research activities, as well as in rehabilitation centers 
and sometimes with divers that swim near the seal islands. Furthermore, they suggest 
that keepers and veterinarians at zoos, aquaria and rehabilitation centers are at 
increased risk of infection because of their extensive contact with the animals.  

Ohishi et al. looked at morbillivirus, a causative agent of mass die-offs of marine 
mammals. Given that a notable biological feature of morbillivirus is its high level of 
host specificity, they researched SLAM (the principal cellular receptor for 
morbilliviruses allowing entry and propagation) and found that 32 amino acid 
residues on the interface of SLAM V domain, which are potentially involved in the 
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interaction with viruses. These amino acid residues are thought to be important for 
host–virus specificity. They hypothesize that recent climate change may increase the 
opportunities for new contacts among wild mammals and for the transmission of 
viruses and propose a new approach to assess the viral sensitivities of wild mammals 
by analyzing the host receptors.  

In her chapter Brito described early sealing and whaling in the Northeast Atlantic 
from Portuguese activities. Using relatively unknown Portuguese records of 
encounters and hunting of monk seals in the Atlantic and medieval and early modern 
whaling in the Iberian Peninsula, she was able to identify and understand 
environmental changes integrated in a time of resources exploitation and highly 
predatory perceptions towards the marine environment.  

In my chapter on Yankee whaling in the Caribbean basin I analyze available 
information at providing a historical context for understanding the economic and 
political issues that influenced the development of this activity and their cultural and 
ecological impact. Yet, that influence was not uniform and the heterogeneity in its 
impact was due to a number of historical and cultural circumstances.  At the end I 
conclude that the development of whaling in the Wider Caribbean area was the result 
of how multiple factors interplayed. 

This book ends with a sad note. It is the obituary of the co-editor of this volume. 
Edward O. Keith was an excellent scholar and teacher and an even better human being 
whose life was cut short just when the book was almost ready to be sent for 
publication. His colleagues and friends will sorely miss him. 

 
Aldemaro Romero 

College of Arts and Sciences, Southern Illinois University Edwardsville,  
Peck Hall, Edwardsville, IL,  

USA 
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© 2012 Romero, licensee InTech. This is an open access chapter distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

When Whales Became Mammals:  
The Scientific Journey of Cetaceans  
From Fish to Mammals in the History of Science 

Aldemaro Romero 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50811 

1. Introduction 

Cetacea (whales and dolphins) is a natural group that has for centuries generated a great deal 
of misunderstanding and controversy regarding its proper place in natural classification. As 
late as 1945 Simpson wrote that “Because of their perfected adaptation to a completely 
aquatic life, with all its attendant conditions of respiration, circulation, dentition, locomotion, 
etc., the cetaceans are on the whole the most peculiar and aberrant of mammals.” 

Although both molecular and paleontological data have provided a much better 
understanding of the placement of this group among mammals, there is no question that 
despite being studied and dissected by dozens of naturalists since Aristotle, these animals 
were always misclassified. This group provides an interesting case study for intellectual inertia 
in the history of science. In other words, why did so many scientists misplace this group in the 
natural classification despite the fact that they themselves were gathering critical information 
that showed the close relationship these animals had to what we know today as mammals? 

The aim of this chapter is to explore this question. To that end I will (1) survey the 
naturalists who studied cetaceans providing clues of their true nature, (2) describe the 
intellectual environment in which their conclusions were made, and (3) discuss the factors 
behind this intellectual inertia. 

For the purpose of this chapter I have only taken into consideration works that had some 
scientific basis and/or that in some ways influenced the process of placing cetaceans as 
mammals. Authors are enumerated based on the date of the major publication they 
produced on cetaceans. For synonyms in names of marine mammals through time see 
Artedi (1738) and Linnaeus (1758). 

© 2012 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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2. Ancient times 

2.1. Aristotle 

Aristotle1 was the son of Nicomachus, the personal physician of King Amyntas of Macedon 
and Phaestis, a wealthy woman2. Nicomachus may have been involved in dissections 
(Ellwood 1938, p. 36), a key tool in Aristotle’s biological studies, particularly on marine 
mammals. Aristotle lost both his parents when he was about 10 and from then on he was 
raised of his uncle and/or guardian Proxenus, also a physician (Moseley 2010, p. 6). Early 
Greek physicians known as asclepiads usually taught their children reading, writing, and 
anatomy (Moseley 2010, p. 10). 

In 367 BCE Aristotle moved to Athens to study at Plato’s Academy, and later travelled 
throughout Asia Minor and studied living organisms while at the island of Lesbos (344-342 
BCE) where he collected a lot of information about marine mammals. He later created his 
own philosophical school, the Lyceum, in Athens where most of his written work was 
produced between 335 and 323 BCE.  

Aristotle is the first natural historian from whom we have any extensive work. One of his 
surviving opuses is Historia Animalium (inquiry about animals)3. There he classified animals 
as follows (beginning from the top): “blooded” animals (referring to those with red blood, 
vertebrates) with humans at the top, viviparous quadrupeds (what we would call terrestrial 
mammals), oviparous quadrupeds (legged reptiles and amphibians), birds, cetaceans, fishes, 
and then “bloodless” animals (invertebrates). He named each one of these groups a “genus.”  

Humans 
Viviparous quadrupeds (terrestrial mammals) 
Oviparous quadrupeds (reptiles and amphibians) 
Birds 
Cetaceans 
Fish 
Malacia (squids and octopuses) 
Malacostraca (crustaceans) 
Ostracoderma (bivalve mollusks) 
Entoma (insects, spiders, etc.) 
Zoophyta (jellyfishes, sponges, etc.) 
Higher plants 
Lower plants 

Based on the “kinds” of animals and the varieties he described we can distinguish 
somewhere between 550 and 600 species. Most of them he had observed directly and even 
                                                                 
1 b. Stagira, Chalcidice, Macedonia, today’s Greece, 384 BCE; d. Chalcis, Euboea, Ancient Greece, today’s 
Greece 322 BCE 
2 Biographical information on Aristotle is largely based on Barnes (1995). 
3 We used the text available at http://classics.mit.edu/Aristotle/history_anim.html 
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dissected but others were based on tales and he warned about the accuracy of those 
descriptions. For example, although he mentioned information in numerous occasions 
provided to him by fishers, many times (but not always) he debunks some of the fallacies he 
heard based on his own observations, particularly when it came to reproduction. 

Of what we would consider today as mammals (including cetaceans) he described about 80 
and about 130 species of fishes, which, again, underlines the extensive work, he did on 
marine creatures, mostly while living at Lesbos. Under the genus “Cetacea” he included at 
least three species: (1) “dolphins” probably a combination of striped dolphin (Stenella 
coeruleoalba, the most frequent species in the Mediterranean), the common dolphin 
(Delphinus delphis), and the bottlenose dolphin (Tursiops truncatus); (2) the harbor porpoise 
(Phocoena phocoena) which he described as “similar to dolphins but smaller and found in the 
Black Sea” (“Euxine”) (HA 566b9)4; and, (3) the fin whales (Balaenoptera physalus) another 
common species in the Mediterranean at that time. 

The motives behind Aristotle classification system, particularly animals, were not biological 
in nature but rather philosophical. For him these creatures were evidence for rational order 
in the universe. This approach meant that species were rigid elements of the world and, 
thus, he never contemplated mutability or anything close to evolution, despite the fact that 
earlier Greek philosophers such as Anaximander envisioned the mutability of species. 
Furthermore, Aristotle’s motive for conducting this categorization was done in such a way 
that we can then identify the causes that explain why animals are organized the way they 
are. His investigation into those causes is carried out in other surviving biological works 
(e.g., Parts of Animals). When describing species he adhered to his teleological doctrine of 
purposiveness in nature.  

Aristotle was able to distinguish between homology and analogy, recognizing cetaceans as a 
natural group with many similarities with other mammals (“viviparous quadrupeds”). He 
considered cetaceans as “blooded” animals, adding, “viviparous such as man, and the horse, 
and all those animals that have hair; and of the aquatic animals, the whale kind as the 
dolphin and cartilaginous fishes” (HA 489a34-489b3). He also wrote: “all creatures that have 
a blow-hole respire and inspire, for they are provided with lungs. The dolphin has been seen 
asleep with its nose above water as he snores (HA 566b14). All animals have breasts that are 
internally or externally viviparous, as for instance all animals that have hair, as man and the 
horse; and the cetaceans, as the dolphin, porpoise and the whale -for these animals have 
breasts and are supplied with milk” (HA 521b21-25). Among the species he described were 
dolphins, orcas, and baleen whales, noting that “the [whale] has no teeth but does have hair 
that resemble hog bristle” (HA 519b9-15). Thus, he was the first to separate whales and 
dolphins from fish.  

However, Aristotle placed whales and dolphins below reptiles and amphibians, because 
their lack of legs, despite his physiological and behavioral observations that they were 
related more closely to “viviparous quadrupeds” than to fish. 
                                                                 
4 These citations for Historia Animalium follow the Bekker’ pagination. 
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1 b. Stagira, Chalcidice, Macedonia, today’s Greece, 384 BCE; d. Chalcis, Euboea, Ancient Greece, today’s 
Greece 322 BCE 
2 Biographical information on Aristotle is largely based on Barnes (1995). 
3 We used the text available at http://classics.mit.edu/Aristotle/history_anim.html 
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4 These citations for Historia Animalium follow the Bekker’ pagination. 
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Aristotle followed his teacher Plato in classifying animals by progressively dividing them 
based on shared characters. This is an embryonic form of today’s classification more fully 
developed by Linnaeus. The reason he ordered the different “genera” the way he did was 
because he considered “vital heat” (characterized by method of reproduction, respiration, 
state at birth, etc.) as an index of superiority placing humans at the very top. Men were 
superior to women because they had more “vital heat.” On this he followed Hippocrates’s 
ideas, since the Greek physician thought there was an association between temperature and 
soul.  

Yet he was not fully satisfied by this approach given that a number of “genera” had 
characters that were shared across groups, particularly when compared with their habitats. 
For example, both fishes and cetaceans had fins, but they differ markedly on other 
characters such as reproduction (oviparous vs. viviparous) or organs (gills vs. lungs, 
respectively). 

Many of Aristotle’s observations about cetaceans remain accurate. In terms of internal 
anatomy he mentioned that they have internal reproductive organs (HA 500a33-500b6), that 
dolphins, porpoises, and whales copulate and are viviparous, giving birth to between one 
and two offsprings having two breasts located near the genital openings that produce milk 
(HA 504b21), that dolphins reach full size at the age of 10 and their period of gestation is 10 
months, show parental care, some may live up to 30 years and this is known because fishers 
can individually identify them by marks on their bodies (HA 566b24), and that dolphins 
have bones (HA 516b11). 

Regarding behavior and sensory organs he said that dolphins have a sense of smell but he 
could not find the organ (HA 533b1), that dolphins can hear despite the lack of ears (HA 
533b10-14), produce sounds when outside the water (HA 536a1), that dolphins and whales 
sleep with their blowhole above the surface of the water (HA 537a34), are carnivorous (HA 
591b9-15), and swim fast (HA 591b29). 

He held that cetaceans are not fishes because they have hair, lungs (HA 489a34), lack gills, 
suckle their young by means of mammae, they are viviparous (HA 489b4), and that their 
bones are analogous to the mammals, not fishes. Still they he calls them “fishes” (HA 
566b2-5).  

These basic Aristotelian biological descriptions persisted for good and for bad until Charles 
Darwin’s evolutionary work. On one hand his descriptions were so accurate that Darwin 
admired Aristotle, to the point that he said privately that the intellectual heroes of his own 
time “were mere schoolboys compared to old Aristotle.”5 Yet the fact that Aristotle saw the 
natural world as fixed in time with no room for evolution and that he kept calling cetaceans 
“fishes,” would delay intellectual progress for many centuries when it came to the 
classification of these animals. 
                                                                 
5 Darwin Correspondence Database, http://www.darwinproject.ac.uk/entry-11875 accessed on 25 Feb 
2012. 

When Whales Became Mammals:  
The Scientific Journey of Cetaceans From Fish to Mammals in the History of Science 7 

Aristotle’s influence on naturalists’ classification of life would extend until Darwin’s times 
when evolutionary views replaced the fixity of species as elements in nature. 

2.2. Pliny the elder 

Pliny the Elder6 was the son of an equestrian (the lower of the two aristocratic classes in 
Rome) and was educated in Rome. After serving in the military he became a lawyer and 
then a government bureaucrat. In these positions he travelled not only throughout what is 
Italy today but also what it would later became Germany, France and Spain as well as North 
Africa (Reynolds 1986). 

He wrote a 37-volume Naturalis Historia7 (ca. 77-79) in which according to himself he had 
compiled “20,000 important facts, extracted from about 2000 volumes by 100 authors” and 
was written for “the common people, the mass of peasants and artisans, and only then for 
those who devote themselves to their studies at leisure” (Preface 6). This is the earliest 
known encyclopedia of any kind, which has been interpreted as a Roman invention in order 
to compile information about the empire (Naas 2002, Murphy 2004). It was a rather 
disorganized book, whose prose has been criticized by many (Locher 1984). Pliny seemed to 
be more interested in what appeared to be curiousities than what were facts. This is a big 
collection of facts and fictions, based mostly said on things said by others. 

He devoted 9 of the 37 volumes to animals and ordered them according to where they live. 
Volume IX (Historia Aquatilium) of Naturalis Historia is devoted to aquatic creatures, whether 
living in oceans, rivers or lakes, whether vertebrate or invertebrate, real or mythical. Based 
on their size he categorized as “monster” anything big, whether it is a whale, a sawfish or a 
tuna (IX 2,3). 

He grouped together all known species of cetaceans (cete) but constantly mixed their 
descriptions with those of other marine mammals such as seals as well as with cartilaginous 
fishes, such as some sharks (pristis). Pliny mentioned the three species cited by Aristotle: 
dolphins (delphinus, probably a combination of striped dolphin [Stenella coeruleoalba] and the 
common dolphin [Delphinus delphis], IX 12-34), porpoises (porcus marinus, the harbor 
porpoise [Phocoena phocoena], IX 45) and whales (ballaena, possibly a combination of large 
toothless whales [mysticetes] IX 12-13). Then he added a few more: the thursio or tirsio 
(probably the bottlenose dolphin, Tursiops truncatus IX 34), the physeter (probably the sperm 
whale [Physeter macrocephalus] IX 8) found in the “Gallic Ocean” (probably the Bay of Biscay, 
IX 3, 4), the orca (probably the killer whale [Orcinus orca] IX 12-14), and the river dolphin 
from India (possibly Platanista gangetica, IX 46). He also mentioned some mythical creatures 
such as Homo marinus (Sea-Man, IX 10) and the Scolopendra marina (IX, 145) a mythical 
                                                                 
6 b. as Gaius Plinius Secundus 23/24 CE in what is now Como, Italy; d. 25 August 79 CE near Pompeii, 
Italy. 
7 I used the version available at:  
http://www.perseus.tufts.edu/hopper/text?doc=Plin.+Nat.+toc&redirect=true 
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organism whose legend may be based on polychaetes, marine annelids characterized by the 
presence of many legs (Leitner 1972, p. 218). 

Pliny recognized that neither whales nor dolphins have gills, that they suckle from the teats 
of their mothers, and that they are viviparous. In addition to these true facts copied from 
Aristotle, he mentioned exaggerations such as whales of four jugera (ca. 288 m) in length 
that because of their large size “are quite unable to move” (IX 2,3). In addition to some of the 
biological facts mentioned by Aristotle, Pliny adorns his narrative with all kind of casual 
tales about interactions between cetaceans and humans.  

By lumping together all kinds of aquatic organisms it is hard to distinguish what he called 
“fish” and what he did not (see for example IX 44-45). His classification took a step back 
from Aristotle because he did not try for a comprehensive classification of animals. He failed 
to compare organisms based on shared or divergent characters. Many times he ordered 
creatures based on size, from the largest to the smallest. Yet, his work had great influence 
for 1700 years, which was unfortunate because he was an uncritical compiler of other 
people’s writings (even if they were contradictory). Pliny also created a number of 
unfounded impressions about the reality of nature. His only positive contribution was that 
he established the norm of always citing the sources of his information (in actuality 437 
authors, whose works, in some cases, are no longer available).  

3. Medieval times  

During the middle ages, little progress was made in the sciences. Students were urged to 
believe what they read and not to question conventional wisdom. Logic determined truth, 
not observation. Free thought was non-existent and minds were filled with mythological 
explanations for the unknown. Marine mammals were depicted as monsters and little new 
information was generated. 

4. The renaissance  

The Renaissance was a time of awakening and the religious ideology began to be 
questioned. The translations of the works of Aristotle and Pliny into Latin and the 
introduction of the printing press helped to spread the little knowledge accumulated until 
that time about natural history in the western world. For example, by 1500 about 12 editions 
of Aristotle’s Historia Animalium and 39 of Pliny’s Historia Naturalis had seen the light, which 
is evidence of the popularity of these works. During this age of discovery the finding of 
species that were never mentioned neither by Aristotle nor the Bible, opened up scientific 
curiosity about new creatures around the world. Thus, people once again began to seek new 
knowledge. However, in these times, naturalists were more compilers of information than 
investigators despite the fact that they were performing more dissections that in turn 
uncovered new taxonomic possibilities. Still, scientists relied on environmental aspects to 
classify animals. Collecting was a primary activity during this era (Alves 2010, p. 54). 
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4.1. Pierre Belon 

Belon8 was the first author studying marine mammals in this historical period. Little is 
known about his family and early years. He traveled extensively throughout Europe and the 
Middle East, including the Arabian Peninsula and Egypt. Among the places he visited were 
Rome where he met two other ichthyologists, Rondelet and Salviani (see below). He studied 
medicine at the University of Paris and botany at the University of Wittenberg, Germany. 
He served as a doctor and apothecary for French kings, as well as a diplomat, traveler, and 
as a secret agent (he was murdered under strange circumstances) (Wong 1970).  

His L'Histoire Naturelle des Estranges Poissons Marins (1551) was the first printed scholarly 
work about marine animals. This book was expanded and published in French in 1555 as La 
Nature et diversité des poissons including 110 species with illustrations for 103 of them.  

Belon not only reproduced information from Aristotle and Pliny but also added his own 
observations including comparative anatomy and embryology. For him “fish” was anything 
living in the water. He divided “fishes” in two large groups: the first was “fish with blood” 
(as Aristotle had done) that included not only actual fishes but also cetaceans, pinnipeds, 
marine monsters and mythical creatures such as the “monk fish,” as well as other aquatic 
vertebrates such as crocodiles, turtles, and the hippopotamus. He called a second group 
“fishes without blood” and consisted of aquatic invertebrates (see also Delaunay 1926).  

He ordered what we know as cetaceans today in a vaguely descending order based on size: Le 
balene (mysticete whales, although in the illustration he depicted a cetacean with teeth), Le 
chauderon (sperm whale? although he mentions the sawfish), Le daulphin (common dolphins on 
which he devoted 38 pages of this 55-page book), Le marsouin (porpoise), and L’Oudre (bottlenose 
dolphin) (for a rationale on the identification of these species see Glardon 2011, p. 393-398). He 
dissected common dolphins (D. delphis) and porpoises (P. phocaena) acquired at the fish market in 
Paris brought in by Normandy fishers, and probably a bottlenose dolphin (T. truncatus) as well. 

He described these marine mammals as having a placenta, mammae, and hair on the upper 
lip of their fetus. Belon wrote that apart from the presence of hind limbs, they conform to the 
human body plan with features such as the liver, the sternum, milk glands, lungs, heart, the 
skeleton in general, the brain, genitalia. He also dealt with issues of breathing and 
reproduction (although from the description it is clear that he never saw one of these animals 
giving birth, since he depicted the newborn surrounded with a membrane). He drew the 
embryo of a porpoise and the skull of a dolphin (Fig. 1). Despite all this he did not make the 
connection between cetaceans and “viviparous quadrupeds” and based his entire 
classification on environmental foundations, as he made clear in the introduction of his work. 

4.2. Edward Wotton 

Wotton9 was the son of a theologian who did general studies at Oxford and studied 
medicine and Greek at Padua (1524-6). He was a practicing physician who published De  

                                                                 
8 b. 1517, Soultière, near Cerans, France; d. April 1564, Paris, France. 
9 b. 1492, Oxford, England; d. 5 October 1555, London, England. 
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lip of their fetus. Belon wrote that apart from the presence of hind limbs, they conform to the 
human body plan with features such as the liver, the sternum, milk glands, lungs, heart, the 
skeleton in general, the brain, genitalia. He also dealt with issues of breathing and 
reproduction (although from the description it is clear that he never saw one of these animals 
giving birth, since he depicted the newborn surrounded with a membrane). He drew the 
embryo of a porpoise and the skull of a dolphin (Fig. 1). Despite all this he did not make the 
connection between cetaceans and “viviparous quadrupeds” and based his entire 
classification on environmental foundations, as he made clear in the introduction of his work. 

4.2. Edward Wotton 

Wotton9 was the son of a theologian who did general studies at Oxford and studied 
medicine and Greek at Padua (1524-6). He was a practicing physician who published De  

                                                                 
8 b. 1517, Soultière, near Cerans, France; d. April 1564, Paris, France. 
9 b. 1492, Oxford, England; d. 5 October 1555, London, England. 
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Figure 1. Illustrations of marine mammals by Belon (1551): (a) and (b) are representations of the 
common dolphin (Delphinus delphis); (c) a porpoise (Phocaena phocaena); (d) a bottlenose dolphin 
(Tursiops truncatus, although he uses the name of “Orca”) presumably giving birth; (e) the skull of a 
dolphin; (f) a porpoise fetus in a placenta, showing that he had actually dissected these animals. 

(a) (b)

(c) (d)

(e) (f)

When Whales Became Mammals:  
The Scientific Journey of Cetaceans From Fish to Mammals in the History of Science 11 

Differentiis Animalium Libri Decem (1552), probably the first published book on natural 
history of the Renaissance. This was a 10-part (“books”) treatise that followed the 
classification structure by Aristotle while adding some comments from Pliny. In Book 8 (pp. 
171-173) he placed Cete together with fishes because of the medium they inhabit. Except for 
entomology he did not conduct any original observations on animals nor include any 
illustrations. His contemporaries noted his lack of originality (Nutton 1985).  

The list of cetacean species included Delphino (dolphins), Phocaena (porpoises), Balaena 
(mysticete whales), Orca (either the bottlenose dolphin or the killer whale) and Physeter (the 
sperm whale).  

4.3. Guillaume Rondelet 

Rondelet10 was the son of a drug and spice merchant. He studied medicine at the University 
of Montpellier, one of the best medical schools in Europe at that time. While in Paris he 
studied anatomy under Johannes Guinther, who also taught Vesalius. Rondelet would later 
become Professor of medicine and Chancellor at Montpellier (Keller 1975). He probably 
acquired his interest in ichthyology at a young age while living in Montpellier (about 12 km 
from the coast) because his family owned a farm that was a stopping place for carts of fish 
from the Mediterranean (Oppenheimer 1936). During his trips as personal physician to 
Francois Cardinal Tournon (who was also the patron of Belon) to the Atlantic coasts of 
France, he became acquainted with the whaling industry. Rondelet met several 
contemporary ichthyologists while in Rome (1549-1550) such as Belon, Hippolyto Salviani, 
and Ulyssis Aldronvandi (Gudger 1934). Guillaume Pellicer, Bishop of Montpellier, who 
was also interested in fishes but never published on ichthyology, may have influenced 
Rondelet (Oppenheimer 1936, Dulieu, 1966).  

He enjoyed dissecting and did so frequently for both teaching and research purposes. He 
published Libri de Piscibus Marinis in quibus verae Piscium effigies expressae sunt (1554) with a 
second part titled Universae Aquatilium Historiae pars altera (1555) about both marine and 
freshwater animals. Both were later translated into French as L’histoire entière des poissons 
(1558, 599), a monograph for teaching purposes.  

After writing about food, habitat, morphology, and physiology, he described 145 freshwater 
and 190 marine species that included at least seven species of cetaceans: delphino (common 
dolphin), phocaena (porpoise), tursione (bottlenose dolphin, although the illustration more 
resembles a porpoise), balaena vulgo and balaena vera (two different species of mysticetes 
whose true identities are difficult to ascertain), orca (killer whale), and physetere (sperm 
whale) (Fig. 2). He also included among cetaceans the priste (sawfish) and mythical animals 
such as Pliny’s scolopendra cetacea, the monstruo leonino (a lion covered with scales and with a 
human face), the pisce monachi habitu (a fish that looks like a monk), and the pisce Episcopi 
habitu (a fish that looks like a bishop) of which he was skeptic. All together his book 
contained more species than previous published works. Each species description included 

                                                                 
10 b. 27 September 1507, Montpellier, France; d. 30 July 1566, Réalmont, Tarn, France 
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the animal’s name in different languages, their morphology (external and internal), feeding 
habits, and use as food for humans. Species were differentiated similarly to Aristotle as 
blooded and non-blooded. Although Aristotle inspired the entire book, including 
teleological considerations in his discussions, Rondelet added some original ideas, 
especially concerning anatomy and descriptions of the small cetaceans he dissected. 
Rondelet made correlations between form, function, and environment.  

 
Figure 2. Illustrations of marine mammals by Rondelet (1554): (a) a dolphin showing a fetus surrounded 
by a placenta indicating it was a viviparous animal; (b) a porpoise; (c) an unidentified species of 
mysticete, probably a right whale because may have been observed by Rondelet during a whaling 
operation in the Atlantic; (d) an unidentified species of mysticete that he never saw as evidenced by the 
depiction of barbels above the mouth; (e) orca (Orcinus orca); (f) a sperm whale (Physeter macrocephalus). 
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Despite noting differences, he grouped marine mammals with fish based on habitat. For 
example, he noted that fishes with scales lack lungs and have a three-chamber heart while 
what we know today as marine mammals have hearts with four chambers. He compared the 
anatomy of a dolphin to that of the pig and humans. Based on this and his descriptions of 
other internal organs, he considered marine mammals to be a type of aquatic quadruped. 
Yet, he did not propose a system of classification. He did not advance the notion of valid 
classification, but because of the quality of his descriptions his work remained as the main 
reference for about 100 years.  

4.4. Conrad Gessner 

Gessner11 probably developed an interest in zoology after seeing the carcasses of furred 
animals at his father’s workshop where several furriers worked. He also lived with a great-
uncle, an herbalist, who furthered his interest in natural history (Bay 1916, Gmelig-Nijboer 
1977, p. 17, Wellisch 1984, p. 1). He was an avid traveler who studied theology and medicine 
in Bourges, Paris, Montpellier, and Basel (Fischer 1966) and had great facility for classical 
languages. During his travels Gessner met with Belon and Rondelet. He is considered as the 
“father of bibliography” because of his work on compiling information about books (Bay 
1916). Gessner himself had a very large private library of more than 400 volumes (which 
was a very large private collection for his time) of which 19% of the volumes were on 
natural history and 13 of them were on zoology (Leu et al. 2008, pp. viii, 1, 13, 21). He 
published Historiae Animalium (1551-1558), an encyclopedic (4 volumes, 4,500 pages treatise) 
but uncritical compilation of information and bibliography in which he intended to itemize 
all of God’s creations. In addition to classic authors such as Aristotle and Pliny, Gessner 
obtained information from whomever he could correspond. He classified cetaceans among 
‘aquatic animals,’ i.e., including fishes. The fourth volume (Piscium & Aquatilium) of 1297 
pages was published in 1558 and was about the aquatic animals. A fifth volume on reptiles 
and arthropods was not published until 1587, posthumously. Historiae was added to the list 
of prohibited books because Gessner was Protestant. Yet, the 14 editions in different 
languages of this book reveal its popularity.  

Gessner followed Aristotle’s classification of animals when it came to their grouping by 
volume (Vol. 1: viviparous quadrupeds; Vol. 2: oviparous quadrupeds; Vol. 3: birds; Vol. 4: 
aquatic animals; Vol. 5: serpents). He ordered them alphabetically, like a “Dictionarium,” in 
each volume, which did not provide a rational classification based on relationships of any 
kind; on the other hand this alphabetical order facilitated its use as an encyclopedic source. 
Gessner’s intention was to collect any piece of information ever written about each animal 
by any author in history, he cited nearly 250 authors including Rondelet (Libri de Piscibus 
Marinis, 1554), Belon (De Aquatilibus,1553), and Salviani (Aquatilium Animalium, 1554). The 
latter only mentioned marine mammals in passim. 

                                                                 
11 b. 16 March 1516, Zürich, Switzerland; d. 13 December 1565, Zürich. 
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Figure 3. Some of the “Cetis” described by Gessner (1558): (a) and (b) two examples of marine 
monsters; (c) a whale attacking a ship and another being flensed during whaling operations. Both show 
mysteces with teeth, which indicates that Gessner never saw these animals. This exemplifies that 
Gessner was an uncritical compiler of information. 

Information included names of the animals in various languages (some times more than a 
dozen) comprising epithets and etymology (even inventing common names in other 
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languages when those names were not available), physical features, geographic distribution, 
the animal’s way of living including diseases and their cures, behavior, utility towards man 
(e.g., for food or medical purposes), and tales. His work was full of illustrations: some were 
very accurate showing that he had first-hand knowledge of the animal in questions while 
other were bizarre or just invented, especially when dealing with mythical creatures.  

Gessner included a 16-page-folio discussion about the dolphin very much along the lines of 
Aristotle and Pliny. As an uncritical compiler he included contradictory or totally false 
information such as mythical species and even “monsters.” In volume 4 he relied heavily on 
Belon and Rondelet. For example, Monachus marinus (sea monk, IV, p. 519) description was 
copied from Rondelet who, in turn, had received the description from Marguerite, Queen of 
Navarre, who heard it from Emperor Charles V’s ambassador, who had claimed to see the 
monster himself (Kusukawa 2010). He did not add much to what was already known. 
Among marine mammals he mentioned are the Balaena (mystecete whales, IV, p. 128) 
depicted more as sea monster than as an actual whale, Cetis diversis (IV, p. 207), an amalgam 
of marine monsters based on Olaus Magnus’s descriptions of sea monsters from seas from 
northern Europe, Hominis marinis (IV, p. 438), a collection of humanoid sea monsters such as 
the sea-monk and the sea-bishop. To certain extent he was skeptical of accuracy of some of 
these descriptions by other authors. 

Many of the figures were made by others and copied directly from other books including 
those of “cetaceous” animals as was the case of a whale which was copied from Olaus 
Magnus’ map of the Northern Lands (IV, p. 176) (Fig. 3).  

4.5. Ulysses Aldrovandi 

The last author who published anything of significance about marine mammals during the 
Renaissance was Aldrovandi12. He was born to a noble and wealthy family, which allowed 
him to initially dedicate his life to his own pursuits. He was educated in Bologna, Padua, 
and Rome, receiving degrees in law and medicine although he never practiced those 
professions. He was appointed as the first professor of natural history in the University of 
Bologna. Although he was a pious Catholic, because of what he read he was charged with 
heresy. After producing himself in Rome, he was acquitted. While in Rome he met Rondelet 
and accompanied him to the fish markets where he became interested in ichthyology (which 
included the study of marine mammals) collecting specimens for his own museum. He 
traveled extensively throughout Italy and made a collection of about 11,000 animal 
specimens for pedagogical purposes; most of them can be found today at the Bologna 
Museum to which he bequeathed not only his specimens but also his library and 
unpublished manuscripts as well (Alves 2010, pp. 56-82). He also conducted dissections 
(Impey and McGregor 1985). He was a true encyclopedist following the tradition of the 
University of Bologna at that time (Tugnoli Pattaro 1994). He wrote extensively but the 
quality of his animal descriptions and illustrations were poor from the scientific viewpoint 
                                                                 
12 b. 11 September 1522, Bologna, Italy; d. 4 May 1605, Bologna. 
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(Fig. 4). Aldrovandi was an uncritical compiler who included legends of mythical animals in 
his writings similar to the medieval bestiaries and in the tradition of Pliny.  

 
Figure 4. Depiction of some marine animals by Aldrovandi (1613): Some show that he actually saw 
some of those skeletal pieces such as (a) a tooth possible from a sperm whale, (b) a baleen and the 
prominent tooth of a narwhal (Monodon monoceros), (c) a rib and a vertebra, possibly of a large whale, 
and (d) a scapula.  In other cases he illustrated whales with human-like emotions (e); whales with feet 
(f); sawfishes with cetacean characteristics (g); and Pliny’s “Scolopendra cetacea” (h), which 
perpetuated the notion that such animal existed.  Overall he was a very uncritical compiler when it 
came to marine mammals. 

He published De piscibus libri V, et De cetis lib. vnus (1613) where he defined “Pisces” as 
animals covered with scales and “aquatilis” as “anything else that lives in the water” while 
recognizing that cetaceans are air-breathing creatures. The species that he mentioned were 
the ones cited by his predecessors: Balaena, Physeter, Orca, Delphino, Phocaena, and Tursione, 
while including the Manate Indorum, Phoca, Pristi (the sawfish), and the mythical Scolopendra 
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Cetacea. From the illustrations (Fig. 4) it is clear he never saw any of these animals with the 
exception of some of their skeletal parts. As an uncritical compiler of information he did not 
add anything new to the knowledge of these creatures and, yet, was cited by later authors. 

5. Modern science 

In this period, observation and experimentation moved to the forefront of science. 
Classification was based on similarities and differences in characters. During this time 
English physicians travelled to Padua, Bologna and Paris to be trained in human dissection 
since the status of medicine in England was still poor. People involved in these kind of 
activities had a background in either medicine (or “physic” as it was called then) and/or 
theology (Kruger 2004). During this time the center of gravity of science moved from the 
Mediterranean world to northern Europe, mostly England. 

5.1. Johann Jonston 

The first researcher of the biology of marine mammals in this period was Johann Jonston13. 
Although born in Poland, Jonston’s father was Scottish and his mother German. He was 
educated in St Andrews, Frankfurt, Cambridge, and Leiden, receiving a medical degree from 
the last two institutions. He traveled extensively throughout Europe teaching, and despite 
offers for academic positions, he decided to make a living as an independent scholar (Miller 
2008). He published Historiae naturalis de Piscibum Partem in 1657. Jonston was another 
encyclopedist who when it came to natural history was more a compiler than anything else, 
relying heavily on Gessner and Aldrovandi while adding some new information from New 
World creatures from George Marcgrave. Thus, he did not offer any significant critical view 
to his sources although his descriptions were briefer than those of his predecessors. He gave 
no hint of biological classification for marine mammals and also added further mistakes and 
legends (even ‘monsters’). He slightly modified Aldrovandi’s classification of fishes by 
adding ‘pelagic’ fishes. Yet his books were widely read and translated. 

He dealt with cetaceans on pages 213-224 of his Historiae and included the same species as 
Aldrovandi: Balaena, Physetere, Orca, Delphino, Phocaena and the mythical scolopendra cetacea, 
the sawfish, pinnipeds, and the manatee among the cetaceans. 

5.2. Walter Charleton 

Charleton14 was the son of a church rector of modest means. He was educated at Oxford as a 
physician at that time when medical education in England emphasized scholastic 
approaches to knowledge and British colleges had inadequate anatomical staff and teaching 
facilities. The practical elements of practicing medicine were not acquired until after 
assisting a more experienced practicing medical doctor. 
                                                                 
13 b. 15 September 1603, Szamotuly, Poland; d. 8 June 1675, Legnica, Poland. 
14 b. 2 February 1619, Shepton Mallet, Somerset, England; d. 24 April 1707, London, England. 
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(Fig. 4). Aldrovandi was an uncritical compiler who included legends of mythical animals in 
his writings similar to the medieval bestiaries and in the tradition of Pliny.  
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Cetacea. From the illustrations (Fig. 4) it is clear he never saw any of these animals with the 
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Charleton was a follower of epicurean atomism (materialism) (Kargon 1964) and an eclectic 
(Lewis 2001), whose interest in natural history was more or less theological because, as he 
said, men were obligated into “naming & looking into the nature of all Creatures” (Boot 
2005, p. 119). In other words, just as Ray and Willoughby did later, natural science was the 
search a divine pattern in nature, part of the research agenda of the Royal Society – to which 
Charleton belonged (Rolleston 1940, Sharpe 1973). His publications showed him more as a 
compiler than as an innovator. His major contribution to science was the discovery that 
tadpoles turn into frogs (Booth 2005, p. 1).  

He published two books dealing with animal classification: Onomasticon zoicon (1668) and 
Exercitationes de Differentiis & Nominibus Animalium (1677) works that listed the names of all 
known animals (including some fossils) in the western world in several languages with a 
somewhat taxonomy discussion, including remarks about these animals habits and habitats 
that contained anatomical descriptions of two animals that he had dissected. As Belon did 
over a century before, he divided “fishes” as either “with blood” (vertebrates) and “without 
blood” (invertebrates). He grouped under “Cetaceos” not only actual cetaceans but also the 
sawfish, seals, walruses, manatees, hippopotamus and the mythical “scolopendra cetacea.” 
The actual cetaceans described were Balaena vulgaris (probably the right whale), Physeter, & 
Physalus (probably the fin whale but also other species), Cetus dentatus (the sperm whale), 
Pustes (indeterminate species, maybe the beluga), Orca (the killer whale), Monoceros (the 
narwhal), Delphinus (probably a composite of delphinidae), and Phocaena (the porpoise). 

5.3. Edward Tyson 

Tyson15 was born into an affluent merchant family. He performed numerous dissections as a 
college student, obtained his medical degree at Oxford University and was a lecturer of 
Anatomy at the Barber-Surgeons Hall in London. Tyson was the first of the comparative 
anatomists in the modern sense. He did extensive dissections and was the first to use a 
microscope as part of his anatomical studies. His description of the highly convoluted 
cetacean brain as well as his recognition of the many homologies with "viviparous 
quadrupeds", rather than the fishes that they externally resembled, constituted a major 
landmark contribution to the history of biology (Kruger 2003).  

In Phocaena, or, The anatomy of a porpess dissected at Gresham Colledge, with a preliminary 
discourse concerning anatomy and natural history of animals (1680), he noted that “What we 
have here is a signal Example of the same between Land-Quadrupeds and Fishes; for if we 
view a Porpess on the outside, there is nothing more than a fish; for if we view a Porpess on 
the inside, there is nothing less. (...) It is viviparous, does give suck, and hath all its Organs 
so contrieved according to the standard of them in Land-Quadrupeds; that one would 
almost think of it to be such, but it lives in the Sea, and hath but two fore-fins.” Adding later 
“The structure of the viscera and inward parts have so great an Analogy [sic] and 
resemblance to those of Quadrupeds, that we find them here almost the same. The greatest 
                                                                 
15 b. 20 January 1651 Clevedon, near Bristol, Somerset, England; d. 1 August 1708, London, England. 
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difference from them seems to be in the external shape, and wanting feet. But here too we 
observed that when the skin and flesh was taken off, the forefins did very well represent an 
Arm, there being the Scapula, an of Humeri, the Ulna, and Radius, and bone of the Carpus, the 
Metacarp, and 5 digiti curiously joynted. The Tayle too does very well supply the defect of 
feet both in swimming as also leaping in the water, as if both hinder feet were colligated into 
one, though it consisted not of articulated bones but rather Tendons and Cartilages.”  

Tyson’s description of the internal anatomy of the porpoise is remarkable, particularly when 
it comes to its nervous system (Kruger 2003). In many ways he thought that the “porpess” 
was the transitional link between terrestrial mammals and fish. 

In his monograph Tyson surveyed contributions from previous authors. He corresponded 
with John Ray (see below). Ray had also dissected a porpoise (an exercise on which he 
reported in a published form in 1671), nine years before Tyson but was far more superficial 
and added very little to what other authors such as Rondelet had done. Tyson met Ray 
around 1683 and the latter invited Tyson to contribute to Willughby’s De Historia Piscium 
(Montagu 1943, p. 103).  

Tyson was critical of encyclopedic approaches and relying on classical authors when it came 
to natural history. He set new standards in terms of direct observation and comparative 
anatomy. He also established an understanding of homology not seen since Aristotle. He 
proved to be a very competent observer of internal anatomy and he saw comparative 
anatomy as a means to explain the Great Chain of Being (or scala naturae or ladder of nature) 
as proposed by Plato and Aristotle.  

5.4. Samuel Collins 

A contemporary of Tyson was Samuel Collins16. The son of the rector of Rotherfield, Sussex, 
who got his education at Cambridge, Collins travelled to several universities in France, Italy 
and the Netherlands finally getting his medical degree at the University of Padua, later 
becoming physician of Charles II. He taught anatomy at the Royal College of Physicians17. 
Collins published A Systeme of Anatomy (London 1685), which was the earliest attempts to 
illustrate the brains of a broad variety of mammals, birds, teleosts, and elasmobranchs in a 
remarkable two-volume folio edition of 1,263 pages. It included 73 full-page illustrations of 
very high quality. There he described a female porpoise. However, it seems that he had used 
Tyson’s previous descriptions and unfortunately says nothing about the brain of this 
cetacean. Had he had examined the brain of the porpoise he would have noted the great 
similarities of this organ with those among the “viviparous quadrupeds.” Collins did not 
discuss the similarities between the other internal organs of the porpoise and those called 
mammals today either. He acknowledged Tyson’ previous contributions in this matter.  
                                                                 
16 b. 1618, Rotherfield, Sussex, England; d. 11 April 1710, Westminster, Middlesex, England. 
17 Biographical information obtained from: http://munksroll.rcplondon.ac.uk/Biography/Details/950 and 
accessed on 2 April 2012. 
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In addition to Tyson, Collins's anatomy draws largely upon the works of Thomas Willis. In 
the opening Epistle-Dedicatory to James II he claimed that various chapters "are illustrated 
by the Dissection of other Animals (which I have performed with Care and Diligence, 
speaking the wonderous Works of the Glorious Maker) rendering the Parts of Man's Body 
more clear and more intelligible." In volume two of his huge work he described numerous 
folio copper plates containing the most extensive comparative anatomy of the brain then 
existing, an expansive account of the functional significance of his findings, as well as 
practical clinical commentary. 

5.5. John Ray 

Ray18 was the first naturalist who truly represented this new era of careful observation. 
His father was a blacksmith and his mother was an herbal healer. He studied at the 
University of Cambridge, pursuing comparative anatomy although initially his main 
interest was botany. He taught Greek, mathematics and humanities at Cambridge but 
abandoned his teaching position after refusing to comply with the Act of Uniformity of 
1662. He was a very religious person who undertook the study of nature to understand 
God’s creation (Raven 1950). Fairly early he developed a plan with his student and 
patron, Francis Willughby19 to produce a joint general natural history. To that end Ray 
and Willughby went on an extended tour of England and Europe (1662-1666), including 
the medical school at Montpellier. Although they did not always travel together both 
collected specimens, got involved in dissections and acquired books and illustrations 
(Kusukawa 2000), an endeavor bankrolled by Willughby. When Willughby died, Ray took 
over his parts of the general natural history. Willughby left him an annuity of £60 and Ray 
stayed on as tutor to Willughby’s children until 1675, when Willughby's mother, also his 
patron, died, and the widow immediately terminated the relationship. Ray inherited a 
small farm that also contributed to the family's maintenance while he earned money from 
his productive publishing. Therefore Ray had the financial freedom to pursue his 
intellectual interests.  

Ray’s first published work on cetaceans was Dissection of a Porpess (1671). He does a much 
better job in describing the internal anatomy of this animal when compared with Rondelet 
but does not get into the detail that Tyson achieved later. During the narrative of his 
findings he keeps noticing that a porpoise has a lot in common with the “quadrupeds”. Yet 
he persisted calling them “fishes.” 

Ray published Historia piscium (1686), under Willughby's name 14 years after his patron 
death, though Ray himself contributed the vast majority of the content. He carried out the 
first serious attempt to achieve a systematic arrangement, the success of which can be 
attributed by the fact that it served as a basis for the systematics work of the following 
                                                                 
18 b. 29 November 1627, Black Notley, near Brainton, Essex, England; d. 17 January 1705, Black Notley, 
England. 
19 b. 22 November 1635, Middleton, Warwickshire, England; d. 3 July 1672, Middleton. 
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century. His approach was based on direct observation, collaboration with other 
researchers, and critical reading of previous authors.  

Historia Piscium is divided into two parts that were printed separatedly: the first is the 
narrative and the second, titled Ichthyographia, were the illustrations. Many libraries today 
have both bound together. As sources Ray used authors mentioned earlier in this chapter: 
Rondelet, Salviani, Gessner, Aldrovandi and Belon, among others. Yet, far from merely 
compiling information from them, Ray insisted in very comprehensive descriptions of 
species and discarded all monsters and mythical creatures mentioned by his predecessors. 
Ray not only removed narratives of marine invertebrates but also other aquatic animals such 
as the crocodile and the hippopotamus. He divided his subject matter into three groups: 
cetaceans, cartilaginous fishes, and bony fishes. He recognized that when it comes to 
reproduction and internal anatomy cetaceans are identical to the “viviparous quadrupeds.” 
Still, he kept cetaceans within the “piscium” despite the fact that he was well aware that 
they were biologically distinct from fishes.  

In his narrative of species Ray moved away from in the practical aspects related to these 
animals. Aspects such as usage for medical purposes were very common among previous 
authors because of their medical background. Yet, Ray was very keen at compiling names 
on the belief that a universal language could be construct based on the knowledge of nature. 
As Kusukawa (2000) has argued convincingly, Ray believed that there was a need for “a 
construction of a universal language based on a table that properly expressed the natural 
order and relations between things.” Hence a precise description and classification was the 
route to achieve that goal. The final product counted not only on the intellectual support of 
the Royal Society’s members who provided constructive criticism and moral support but 
also their financial support. The cost of publishing Historia Piscium was not only very high, 
mostly because of the expense of the illustrations (187 plates), but also the 500 copies printed 
sold poorly. As a consequence the Society could not print Isaac Newton’s Principia. 

Ray’s third publication related to marine mammals was Synopsis Methodica Animalium 
Quadrupedum et Serpentini Generis (1693). By then he was totally convinced that cetaceans 
were not fishes: “For except as to the place on which they live, the external form of the body, 
the hairless skin and progressive swimming motion, they have almost nothing in common 
with fishes, but remaining characters agree with the viviparous quadrupeds.” He placed 
today's terrestrial mammals (including the manatee) among the ‘hairy animals’ very close to 
the Cetaceum genus (cetaceans).  

In Synopsis Ray included a section called Pisces Cetacei seu Belluae marinae where he 
expressed that these animals breath and give birth like the “oviparous quadrupeds.” He 
grouped them into two categories according to the presence of teeth much as we do today 
separating odontocetes from mysticetes. Ras was the first in doing so. The species he cited 
were Balaena vulgaris (Rondelet), Balaena (Fin-Fish), Physeter or Balaena physeteris, Orca 
(Rondelet & Belon), Cete (Sperm whale), Pot Walfish, Albus piscis cetaceus (white fish), 
Monoceros cetaceo (Narhual islandis), Delphino antiquorum (dolphin, from Rondelet), Phocaeno 
(Rondelet & Belon), dissecting a specimen of the latter in 1669. 
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Figure 5. Illustrations from Tyson’s (1680) description of the internal anatomy of a porpoise.  Notice the 
remarkable accuracy of the depictions. 
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Ray developed a division of animals characterized by having blood, breathing by lungs, two 
ventricles in the heart, and being viviparous. Ray subdivided this group into aquatic 
(cetaceans) and terrestrial or quadruped including sirenians (manatees and dugongs). He 
rejected tales of fabulous animals while perfecting Aristotle’s classification by diving 
vertebrates into those having hearts with two ventricles (mammals and birds) from those 
with a single ventricle (reptiles, amphibians and fish). He also advanced the understanding 
of other groupings. He established the significance of the generic principle, defined species, 
and was a leading contributor to the gigantic task of classification.  

Ray came close to recognizing mammals as a separate group based on “warm-blood,” 
vivipary, and hair. He conceded the relationship of cetaceans with viviparous quadrupeds; 
described genera and species; established ordinal classification of mammals; systematic 
phrases and names; used of descriptive phrases as well as monomial names (a taxonomic 
name consisting of a single word); a dichotomous (“A is B or not B”) classification of 
mammals. Yet, he lacked the vision or intellectual courage to reunite marine mammals with 
their terrestrial relatives and still placed the former with the fish “in accordance with 
common usage.” Still he was possibly the best naturalist of the seventeenth century.  

5.6. Peter Artedi 

Artedi20 was the son of a parish priest who developed an interest in fishes from an early age. 
He studied medicine at the University of Uppsala, devoting most of his time at studying 
natural history. At 29 years of age he went to London for a year to study natural history 
collections and described the sighting of a whale in November 1734, probably downstream 
of the London Bridge. He then moved to Leiden, The Netherlands, to complete his medical 
studies and there he met Linnaeus, whom he knew from their native Sweden, forging a 
lifelong personal and professional relationship. Linnaeus introduced him to an Amsterdam 
chemist, Albert Seba, and Artedi started working on Seba’s fish collection. Artedi died at the 
age of 30 by drowning in an Amsterdam canal. After his death, Linnaeus recovered his 
manuscripts and published Ichthyologia (1738) without amending Artedi’s original work. 
Despite the fact that this was an unfinished work, it was a fundamental publication that 
marked the origin of ichthyology as we know it today. After a long (96 pages) introduction 
describing previous authorities on ichthyology the second part deals with the taxonomic 
terminology he used, particularly regarding the concept of genus and distinguishing 
between species and varieties. His system set the basis for the modern systematic 
classification of living organisms later established by Linnaeus. In part three he went into 
the classification of species including detailed description of them, some of which he had 
dissected himself. For this Artedi is considered the father of ichthyology (Wheeler 1962, 
1987, Broberg 1987).  

                                                                 
20 b. 10 March 1705, Anundsjö, Västernorrland, Sweden; d. 27-28 September 1735, Amsterdam,  
The Netherlands. 
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Artedi separated actual fishes from cetaceans (which he called “plagiuri”) based on the 
plane of the caudal fin. He described 7 genera and 14 species including the manatee and the 
“siren” as follows: 

 
Order: Plagiuri 
 
 Physeter 
  Balaena major (Ray, p. 15) 
  Balaena macrocephala (Ray, p. 16) 
 
 Delphinus 
  Delphinus (Phocaena) (Art. Syn. 104) 
  Delphinus (Delphin) (Art. Syn. 105) 
  Delphinus (Orca) (Art. Syn. 106) 
 
 Balaena 
  Balaena vulgaris (Ray p. 6, 16) 
  Balaena edentula Fin-Fish (Ray p. 6, 10) 
  Balaena tripinnis (Ray 16) 
  Balenae (Balaena tripinnis) (Ray 17) 
 
 Monodon 
  Monoceros pisces (Will. 42, Ray 11, Charleton 168) 
 
 Catodon 
  Balaena minor (Ray p. 15) 
  Balaena major (Ray p. 17, Will. P. 41) 
 
 Trichechus 
  Manatus (Rondelet p. 490, Gessner p. 213, Charleton 169, Aldrovandi 7 

28, Jonston 223) 
 

 Siren 
  Homo marinus 

Artedi established the basic classification of fishes that lasted for about 200 years and 
separated cetaceans into a totally different order than fishes; he apparently knew that they 
were different, but still tradition was difficult to break and thus he included them into his 
ichthyological treatise. He also established the basic branching of animal groups into Class, 
Maniples (Families), Genera, and Species, a system that was to be closely followed by 
Linnaeus (Wheeler 1987, Broberg 1987). His work set the foundations for what Linnaeus 
would culminate as the definitely recognition of cetaceans as distinct group within 
mammals. 
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5.7. Carolus Linnaeus 

Linnaeus (or Linné)21 had as a father a country person who loved plants. Linnaeus followed 
a medical career but was actually more interested in botany than in anything else. Linnaeus 
met Artedi in 1729 and their interests were complementary: Artedi, a zoologist interested 
mostly on fishes, and Linnaeus, interested in botany. He would later edit Artedi’s book in 
ichthyology that was published in 1738. What Linnaeus learned from Artedi set the basis for 
a better classification not only of plants but also animals in general.  

Even some of Linnaeus students were developing a better understanding of cetaceans as 
being really close to “viviparous quadrupeds.” That was the case of Pehr Löfling22, one of 
Linnaeus’ students who came very close to making major contributions to the true nature of 
dolphins and manatees based on his observations of these animals in South America.  
In his description of Amazon freshwater dolphin or boto, Löfling was clear about when 
writing that whales and dolphins were different from fishes: ”Pisces per pulmonibus 
spirantibus.” However, his early death and the fact that his manuscripts were never 
published prevented him from gaining recognition in the scientific community (Romero et 
al. 1997). 

With all of this background, the botanist Linnaeus was ready to revolutionize biological 
classification and in the 10th Edition (1758) of his fundamental work Systema Naturae, he 
introduced the term Mammalia, and included Cete among them. For Linnaeus, mammals 
were united by having hair, being viviparous, and producing milk. He coined the term 
cetacea and separated them from fishes and grouped them with the rest of the viviparous 
quadrupeds based on the following characteristics: two-chamber heart, breathing by lungs, 
hollow ears, internal fertilization, and production of milk.  

Thus, Linnaeus revolutionized the science of systematics by developing a fully natural 
system of classification, using consistently the binomial nomenclature, and designing 
species with Latinized names (genus and species). He developed a hierarchy (class, order, 
genus, species) as proposed by Artedi, with species defined as similar individuals bound 
together by reproduction, which also set the basis of the biological species concept. The use 
of telegraphic speech-like (very short sentences) diagnosis for species descriptions and the 
standardization of synonymies (same species with different names) in order to reach a 
taxonomic consensus made his classification even more useful since from now on one could 
find clarity on what a particular species was tracing its description to other authors. He also 
doubled the number of species described by Ray. Thus, despite the fact that he was not a 
zoologist per se nor was involved in dissection of animals, he was far from a compiler in that 
he applied critical thinking to the way he ordered nature.  

                                                                 
21 b. 23 May 1707, Stenbrohult, Småland, Sweden; d. 10 January 1778, Uppsala, Sweden. 
22 b. 1729, Valbo, Sweden; d. 22 February 1756, Guayana, Venezuela. 
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This progress is even more remarkable when considering that Linnaeus was far from an 
evolutionist. For him species were fixed except for small variations due to climatic/local 
conditions. Yet, Linnaeus was, without question, the founder of systematics and the one 
who laid the foundations for the naturalists to become specialists and, therefore, opened the 
door for the first group of marine mammal specialists, now that these creatures were not 
longer considered “fishes.” It was not until Linnaeus that the science of taxonomy made the 
strides that have lead us to where we are today in our understanding of the natural world. 
Linnaeus understood biological principles and placed animals in groups based on 
homologies rather than using environment to drive classification, and this was what 
allowed him to recognized cetaceans as a distinct group within mammals. 

6. Conclusion 

Persuing at the information provided above there are a number of discernable patterns. One 
is the preponderance of pre-Linnean researchers interested in marine mammals who had a 
medical background of some sort. That is not surprising because medicine was the closest 
thing to science as a career existed until the eighteenth century. Also, being interested in 
medicine created more opportunities to dissect animals and, therefore, understanding of 
their internal anatomy that was particularly crucial in establishing the homology between 
cetaceans and the “viviparous quadrupeds.” Yet, this positive influence was marred by the 
proliferation of encyclopedists who, for the most part, were uncritical compilers of other 
authors’ information. However, the major impediment to any attempts to develop a natural 
classification for cetaceans was the insistence on classifying them by virtue of the 
environment in which they live, something that even diverted the thoughts of keen 
observers such as Ray and Artedi, despite of abundant evidence to the contrary having been 
collected since Aristotle. 

Finally, we should not overlook the role played by intellectual inertia in the development of 
science. As Horder (1998) clearly demonstrated, scientists need to know the history of their 
field to avoid errors of the past, something that has also been argued for specific fields of 
biology (see Romero 2009, Chapter 1). 
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1. Introduction 

Northern elephant seals (Mirounga angustirostris) undergo regular periods of aphagia during 
their annual life cycle, as do many other phocids (Le Boeuf and Laws 1994). After nursing 
for about 30 days, the weaned pup fasts for 6-8 weeks, maintaining a fasting 
hyperglycemia, hyperlipidemia, hypoketonemia, and hypoinsulinemia (Champagne, et al. 
2005). In most mammals, fasting is accompanied by hypoglycemia, and thus the fasting 
hyperglycemia in these animals is paradoxical. Previous studies of glucose metabolism in 
these animals (Keith and Ortiz 1989) indicate that the hyperglycemia results from both 
low rates of glucose utilization, due to very low insulin levels (Kirby, et. al. 1987), as well 
as high rates of glucose carbon recycling through both lactate and glycerol. Other studies 
indicate that fatty acids are the major energy substrate during this time (Castellini, et. al. 
1987), and that these animals conserve nitrogen by having very low urea turnover and 
excretion rates (Houser and Costa 2001). Figure 1 shows a 10 compartment conceptual 
flow diagram of metabolite flux in fasting northern elephant seal pups as simulated in this 
study. 

Mathematical models of biochemical systems are a prerequisite for a true understanding of 
the complexity of metabolic and physiologic systems. A model can be defined in both a 
physical and mathematical sense as a set of equations that describe the behavior of a 
dynamic system, and the response of the system to a given stimulus (Jeffers 1982). Many 
types of models exist. The models that most closely approximate reality are often the most 
complex, and it is often difficult to derive unbiased or valid estimates of model parameters. 
Matrix models offer a way to sacrifice some of the “reality” to gain the advantages of 
mathematical deduction and prediction (Jeffers 1978). Matrix models are ideally suited to 
simulate the results of isotope tracer experiments and linear compartment analysis models 
(Shipley and Clark 1972). 
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2. Materials and methods 

The amount of carbon residing in each pool in Figure 1, and the fluxes between the pools, 
were determined using single injection radiotracer methods as described (Pernia, et. al. 1980, 
Keith and Ortiz 1989, and Castellini, et. al. 1987). If the animal is in steady state, the change 
in pool size (Q) for each compartment will be: 

Q(t) = Q(0)e-kt 

where k is the fractional turnover rate, t is time, and e is the base of the natural logarithms. 
These parameters may be estimated by injecting a known amount of tracer (q) labeled in 
some way (such as 14C or 3H) but which is metabolically indistinguishable from the 
metabolite of interest (tracee).  

Blood samples are taken over time, and the specific activity of the tracer determined and 
plotted on semi-log paper. If the assumption of first order kinetics holds, the plot will be 
linear, and the slope of the line is k. The assumption of instantaneous mixing allows 
extrapolation of the line back to time = 0, and the estimation of the specific activity at time = 
0 (SA0). The size of the pool (Q) can then be estimated (Katz, et. al. 1974): 

0

qQ 
SA

  

The magnitude of the entry rate (R0 ) can then be estimated: 

R0 = k * Q 

If the specific activity curve is plotted on regular paper and integrated, the Stewart-
Hamilton equation provides a stochastic estimate of the irreversible loss rate (L) (Shipley 
and Clark 1972): 

inf

0

qL 
SA(t)dt




 

Recycling rate (R) is the part of the entry rate (R0) which leaves the pool of interest and 
returns to it during the experiment. It is the difference between the entry rate (R0) and the 
irreversible loss rate (L) (Nolan and Leng 1974): 

R = R0 - L 

Once the sizes of the pools and the flux rates between them are known, differential 
equations can be written to describe the rate of change of each compartment (Shipley and 
Clark 1972):  
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Where: Qj = Size of pool j (source of flux to pool i). 

-   kij = Rate constant for flow to i from j. 
-   Qi = Size of pool i (pool of interest). 
-   kii = Sum of all rate constants for flows from compartment i: 

jii.e. for j  1 10   

If the coefficients of the differential equations (kij) are entered into a source/destination 
matrix (A), the matrix may be used to predict the magnitude of the flux between each 
compartment: 

F = A * Q0 

Where F is the vector of the sum of the fluxes to and from all pools, Q0 is the vector of initial 
pool sizes, and A is the coefficient matrix derived above. The future state of the system then 
becomes: 

Qt+1 = F * Q0 

Iteration of the above two operations allows computation, in difference equation format, of 
the future state of the system at any time desired. However, use of the matrix exponential 
permits analytical determination of the state of the system at any future time in one 
operation: 

Qt+1 = eAt * Q0 

Initially the system dynamics were simulated for an 8-week period, approximately as long 
as the duration of the fasting period of the northern elephant seal pups. In most cases, the 
simulation revealed monotonic (linear) declines in the sizes of the pools, with the obvious 
exception of the sink pool. However, in the case of the carbohydrate pools, i.e. glucose, 
glycerol and lactate, the pool sizes increased rapidly during the first part of the 
simulation, and then declined monotonically. This suggested that the estimates for the 
initial condition sizes of the pools were too low. In order to correct for this, a second, 
shorter (24 hr) simulation was conducted, after correcting the initial condition sizes of 
these pools by extrapolating the linear part of the pool size decline later in the simulation 
back to time zero. 

A matrix may be described in terms of its characteristic equation, which will have the same 
order as the number of rows (= columns) in a square matrix (Jeffers 1978, Swartzman 1987). 
The roots of this characteristic equation are the eigenvalues (λ), which can be used to assess 
the stability of the system described by the matrix (Heinrich et al. 1977, Edelstein-Keshet 
1988). Simply put, if all of the eigenvalues, or their real parts, are negative, the system is 
stable. If one or more eigenvalues are positive, the system is unstable. Zero value 
eigenvalues indicate a closed system (Edelstein-Keshet 1988, Halfon 1976, and Swartzman 
1987). Other matrix parameters relevant to stability analysis are the trace (τ) and 
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determinant (Δ) of the matrix. The trace is the sum of the eigenvalues, and the determinant 
in the product of the eigenvalues (Heinrich et al. 1977). A dimensionless τ-Δ parameter 
plane may be envisioned which relates the magnitude of these two parameters to model 
stability, or the type of instability (Edelstein-Keshet 1988). All matrix calculations described 
herein were conducted using MATLAB. 

 

Figure 1. A 10-compartment flow diagram of metabolite flux in fasting northern elephant seals as 
simulated in this study. The boxes (or pools) represent the moles of carbon present in the animal as each 
metabolite, and the arrows represent the interchange of carbon between metabolites. There are no 
inputs to the model because the animal is fasting. 

3. Results 

Table 1 shows the initial conditions of the vector Q0 which contains the initial conditions of 
the system, and the first vector of fluxes calculated by multiplying Q0 by the 
source/destination matrix A, which is contained in Table 2. The characteristic equation of 
this matrix is: 0 = 1.0x10 – 0.186x9 + (9.34x10-3)x8 + (9.50x10-5)x7 + (3.78x10-7)x6 + (6.45x10-10 )x5 + 
(4.18x10-13)x4 + (7.95x10-17)x3 + (7.88x10-22)x2 + (2.15x10-28)x + 0. 
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 Qi FLUX 
1.  Adipose 1.2500e+002 -1.2750e-003 
2.  Glycerol 2.3100e-0 01 1.3800e-005 
3.  Palmitate 6.0000e-003 1.5000e-006 
4.  Lactate 7.5000e-003 3.9000e-005 
5.  Glucose 4.0000e-002 4.6722e-004 
6.  Alanine 4.4000e-003 -2.4304e-004 
7.  Urea 4.1700e-001 -1.2070e-004 
8.  Protein 2.0000e+002 -5.6160e-005 
9.  Ketones 3.5000e-003 8.1250e-006 
10. Sink 1.0000e-000 9.3508e-004 

Table 1. Initial condition values in moles of carbon for the 10 compartment model shown in Figure 1.  
The flux is the sum of the flows into and out of each pool during the first time step. 

SOURCE POOL 
DESTINATION 
POOL ADIPOSE GLYCEROL PALMITATE LACTATE GLUCOSE ALANINE UREA PROTEIN KETONES SINK 
           
ADIPOSE -1.02e-5 0 0 0 0 0 0 0 0 0 
GLYCEROL 5.10e-6 -2.70e-3 0 0 0 0 0 0 0 0 
PALMITATE 5.10e-6 0 -1.06e-1 0 0 0 0 0 0 0 
LACTATE 0 0 0 -1.20e-3 1.20e-3 0 0 0 0 0 
GLUCOSE 0 2.70e-3 0 1.20e-3 -4.50e-3 3.30e-3 0 0 0 0 
ALANINE 0 0 0 0 0 -6.80e-2 0 2.808e-7 0 0 
UREA 0 0 0 0 0 1.00e-3 -3.00e-4 0 0 0 
PROTEIN 0 0 0 0 0 0 0 -2.808e-7, 0 0 
KETONES 0 0 3.25e-3 0 0 0 0 0 -3.25e-3 0 
SINK 0 0 1.03e-1 0 3.30e-3 3.40e-2 3.00e-4 0 3.25e-3 -1 

Table 2. Source/destination matrix used to simulate the kinetics of metabolite flux in fasting northern 
elephant seal pups.  Non-diagonal elements represent the rate constants for flow from the column pool 
to the row pool, in terms of time-1. The diagonal elements are the sum all rate constants for flows from 
the pool, i.e. the sum of the column. 

The roots of this equation are the eigenvalues (λ) of the matrix:  0.00; -8.10x10-4; -4.89x10-3 ;  
-2.70x10-3; -3.25x10-3; -1.06x10-1; -1.02x10-5; -3.00x10-4; -6.80x10-2; -2.81x10-7. Notice that there is 
one zero value, indicating that this is a closed system. The remainder of the eigenvalues are 
all negative, indicating a stable system. The trace (τ), or sum of the eigenvalues, of matrix A 
is -0.186 and the determinant (Δ), or product of the eigenvalues of matrix A is zero. Figure 2 
shows the dimensionless τ-Δ parameter plane. The point for matrix A would lie on the y-
axis, just below the x-y intercept, indicating that the system approaches a saddle point of 
stability. Notice that τ2 is 0.0346, which is greater than 4Δ, which is zero, indicating again 
that the matrix lies in the portion of the phase-plane corresponding to a saddle point 
condition (Heinrich et al. 1977). 
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Figure 1. A 10-compartment flow diagram of metabolite flux in fasting northern elephant seals as 
simulated in this study. The boxes (or pools) represent the moles of carbon present in the animal as each 
metabolite, and the arrows represent the interchange of carbon between metabolites. There are no 
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3. Results 

Table 1 shows the initial conditions of the vector Q0 which contains the initial conditions of 
the system, and the first vector of fluxes calculated by multiplying Q0 by the 
source/destination matrix A, which is contained in Table 2. The characteristic equation of 
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Figure 2. Dimensionless Cartesian phase-plane representing the range of trace (τ) and determinant (Δ) 
values possible, and the regions of qualitative behavior of linear systems. The point corresponding to 
the system simulated here lies on the y-axis just to the left of the x-y intercept. 

Figure 3 shows the changes in the size of the adipose tissue and sink pools over an 8-week 
simulation. These pools are plotted together because they were of similar size. As expected, 
the adipose tissue pool declined at a constant rate, while the sink pool accumulated carbon 
asymptotically. 

Figure 4 shows the changes in the size of the various lipid and lipid-derived pools over an 8-
week simulation. The ketone pool rose slightly early on, and then declined slowly, as did the 
palmitate pool. At this resolution, it appeared that the glycerol pool declined at a constant 
rate throughout the simulation but when compared to the glucose and lactate simulations 
(Figure 5) it became clear that this pool was poorly initialized. 

Figure 5 shows the changes in carbohydrate and carbohydrate-derived pools over an  
8-week simulation. Apparently the glucose and lactate pools were initialized incorrectly, 
as reflected in their rapid increase in the first week of the simulation. Once they became 
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stable, they both declined at the same rate, which was equivalent to the rate of decline  
of the glycerol pool. This similarity in rates of decline suggests that these pools are 
closely linked through recycling pathways, and may in fact represent a subsystem of the 
model. 

 

 

Figure 3. Linear plot of the changes in the size of the adipose tissue and sink pools over an 8-week 
simulation.  These pools are plotted together because they were of similar size. As expected, the 
adipose tissue pool declined at a constant rate, while the sink pool accumulated carbon 
asymptotically. 

Figure 6 shows the changes in nitrogen containing pools over an 8-week simulation. The 
tissue protein pool declined at a very slow rate, suggesting almost no protein catabolism. 
This is supported by the decline and continued low level of the urea and alanine pools. The 
continued low urea level indicates again that protein catabolism is occurring at a very low 
rate. 

Figure 7 shows the time course of the contents of the palmitate, glycerol, and ketone pools 
over a 24-hour simulation. Figure 8 shows the time course of the contents of the alanine, 
urea, and tissue protein pools over an 8-week simulation. Notice that the tissue protein pool 
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declined almost imperceptibly, while the urea and alanine pools declined initially and then 
became stable. 

Figure 9 shows the time course of the contents of the glucose, glycerol, and lactate pools 
over a 24-hour simulation. The glucose and lactate pools were apparently poorly 
parameterized, and grew rapidly to a zenith, and then declined steadily. The glycerol pool 
declined continuously. 

Figure 10 shows the time course of the contents of the glucose, glycerol, lactate, alanine and 
ketones pools after re-estimation of the initial conditions by extrapolating the linear parts of 
Figures 7, 8 and 9 to time zero. 

 
 
 

 
 
 

Figure 4. Log-normal plot of the changes in the size of the various lipid and lipid-derived pools  
over an 8-week simulation.  The ketone pool rose slightly early on, and then declined slowly, as did 
the palmitate pool.  The glycerol pool appeared to decline at a constant rate throughout the 
simulation. 
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Figure 5. Linear plot of the changes in carbohydrate and carbohydrate-derived pool over an 8-week 
simulation.  Apparently the glucose and lactate pools were initialized incorrectly, as reflected in their 
rapid increase in the first week of the simulation.  Once they became stable, they both declined at the 
same rate, which was equivalent to the rate of decline of the glycerol pool.  This similarity in rates of 
decline suggests that these pools are closely linked through recycling pathways, and may in fact 
represent a subsystem of the model. 
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Figure 5. Linear plot of the changes in carbohydrate and carbohydrate-derived pool over an 8-week 
simulation.  Apparently the glucose and lactate pools were initialized incorrectly, as reflected in their 
rapid increase in the first week of the simulation.  Once they became stable, they both declined at the 
same rate, which was equivalent to the rate of decline of the glycerol pool.  This similarity in rates of 
decline suggests that these pools are closely linked through recycling pathways, and may in fact 
represent a subsystem of the model. 
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Figure 6. Changes in nitrogen containing pools over an 8-week simulation.  The tissue protein pool 
declined at a very slow rate, suggesting almost no protein catabolism.  This is supported by the decline 
and continued low level of the urea and alanine pools.  The continued low urea level indicates again 
that protein catabolism is occurring at a very low rate. 
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Figure 7. Linear plot of the changes in the size of the various lipid and lipid-derived pools over a 24-
hour simulation.  The ketone pool rose slightly early on, and then declined slowly, as did the palmitate 
pool.  The glycerol pool declined at a constant rate throughout the simulation. 

 
Figure 8. Changes in nitrogen containing pools over time.  The tissue protein pool declined at a very 
slow rate, suggesting almost no protein catabolism.  This is supported by the decline and continued low 
level of the urea and alanine pools.  The continued low urea level indicates again that protein 
catabolism is occurring at a very low rate. 
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Figure 6. Changes in nitrogen containing pools over an 8-week simulation.  The tissue protein pool 
declined at a very slow rate, suggesting almost no protein catabolism.  This is supported by the decline 
and continued low level of the urea and alanine pools.  The continued low urea level indicates again 
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Figure 9.  Changes in carbohydrate and carbohydrate-derived pool over 24 hours.  Apparently the glucose 
and lactate pools were initialized incorrectly, as reflected in their rapid increase in the first hours of the 
simulation.  Once they became stable, they both declined at the same rate, which was equivalent to the rate 
of decline of the glycerol pool.  This similarity in rates of decline suggests that these pools are closely 
linked through recycling pathways, and may in fact represent a subsystem of the model. 

 
Figure 10. Changes in the glucose, glycerol, lactate, alanine and ketones pools over 24 hours after re-
estimation of the initial conditions by extrapolating the linear parts of Figures 6, 7, and 8 to time zero. 
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4. Discussion 

As initially formulated, the value of the rate constant for efflux from the sink pool (k10,10) was 
set at zero, because there should be no efflux from the sink. Eigenanalysis of this matrix 
yielded 9 negative eigenvalues and one zero eigenvalue, indicating a stable, closed system 
(Keith 1999). An eigenvalue of zero is to be expected from a matrix with a zero on the main 
diagonal (Edelstein-Keshet 1988, Swartzman 1987). For this reason, the zero eigenvalue can 
be considered an artifact of matrix construction, and not truly representative of the system 
being simulated. Therefore, a second analysis was conducted in which the value of the rate 
constant for efflux from the sink pool was set to one, which allowed all of the contents of the 
sink pool to exit at every time step. Eigenanalysis of this matrix yielded 10 negative 
eigenvalues, indicative of a now open and still stable system. The trace (τ) of this matrix was 
-0.186, and the determinant (Δ) was 2.174 x 10-32. In this case τ2 was 0.0346 and 4Δ was 8.696 
x 10-32. Taken together, these values indicate that the system without a sink lies near a stable 
node condition in the phase-plane. However, this is difficult to reconcile with the biological 
reality that a fasting elephant seal with no food or water inputs is not at equilibrium, and 
cannot survive forever (Ortiz et. al. 1978). 

The genesis of this apparent contradiction may lie in differences in time scale or time 
constants. Differential equations with widely different time scales are “stiff” (Heinrich et al. 
1977) and will have eigenvalues of different orders of magnitude. This is apparent here where 
the eigenvalues range from -1.06 x 10-1 to -2.81 x 10-7. The reciprocals of the eigenvalues are the 
relaxation times (Heinrich et al. 1977) and these likewise vary over six orders of magnitude, 
indicating that there are fast-reacting variables and slow-reacting variables in the simulation. 
Such hierarchical time structure may obscure predictions of model stability because the 
eigenvalues only characterize the system in the close time-neighborhood of the steady state 
where linear approximation is appropriate (Heinrich et al. 1977). Thus, predictions of model 
stability based on the signs of the eigenvalues may contradict a prediction of model instability 
based on relaxation times and slow-moving versus fast-moving variables in the system 
(Heinrich et al. 1977) over the duration of the actual fast of the animal. 

Elevated palmitate levels are consistent with field data indicating that the major energy 
substrate during fasting (Castellini, et. al. 1987, Keith 1984). The decline in ketone levels 
through the simulation is consistent with field data indicating low levels of ketone bodies in 
the plasma of fasting northern elephant seal pups (Costa and Ortiz 1982). Declines in 
alanine, tissue protein, and urea levels are also consistent with field data (Pernia, et. al. 1980), 
and are validated by data which show that the lean body mass of the animal doesn’t change 
during significantly during the fasting period (Ortiz, et. al. 1978). Lack of significant protein 
catabolism, with concomitant low urea levels, indicates that the animals do not maintain 
their elevated blood glucose levels at the expense of gluconeogenesis from amino acids 
(Keith 1984). Close similarities in the rates of decline of the glucose, glycerol, and lactate 
pools in the later parts of the simulation may be indicative of the extensive glucose carbon 
recycling which occurs in these animals during fasting. There is extensive interchange of 
carbon between these three pools, as indicated by high levels of Cori cycle and glucose-
glycerol cycle activity (Keith 1984, Keith and Ortiz 1989). It is postulated that this high 
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set at zero, because there should be no efflux from the sink. Eigenanalysis of this matrix 
yielded 9 negative eigenvalues and one zero eigenvalue, indicating a stable, closed system 
(Keith 1999). An eigenvalue of zero is to be expected from a matrix with a zero on the main 
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be considered an artifact of matrix construction, and not truly representative of the system 
being simulated. Therefore, a second analysis was conducted in which the value of the rate 
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1977) and will have eigenvalues of different orders of magnitude. This is apparent here where 
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where linear approximation is appropriate (Heinrich et al. 1977). Thus, predictions of model 
stability based on the signs of the eigenvalues may contradict a prediction of model instability 
based on relaxation times and slow-moving versus fast-moving variables in the system 
(Heinrich et al. 1977) over the duration of the actual fast of the animal. 

Elevated palmitate levels are consistent with field data indicating that the major energy 
substrate during fasting (Castellini, et. al. 1987, Keith 1984). The decline in ketone levels 
through the simulation is consistent with field data indicating low levels of ketone bodies in 
the plasma of fasting northern elephant seal pups (Costa and Ortiz 1982). Declines in 
alanine, tissue protein, and urea levels are also consistent with field data (Pernia, et. al. 1980), 
and are validated by data which show that the lean body mass of the animal doesn’t change 
during significantly during the fasting period (Ortiz, et. al. 1978). Lack of significant protein 
catabolism, with concomitant low urea levels, indicates that the animals do not maintain 
their elevated blood glucose levels at the expense of gluconeogenesis from amino acids 
(Keith 1984). Close similarities in the rates of decline of the glucose, glycerol, and lactate 
pools in the later parts of the simulation may be indicative of the extensive glucose carbon 
recycling which occurs in these animals during fasting. There is extensive interchange of 
carbon between these three pools, as indicated by high levels of Cori cycle and glucose-
glycerol cycle activity (Keith 1984, Keith and Ortiz 1989). It is postulated that this high 
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degree of recycling may be one reason for the ability of these animals to avoid ketoacidosis, 
a major deleterious consequence of fasting in many other mammals, and thus allow them to 
undergo a prolonged fast during this vulnerable period in their life history. 

Author details 
Edward O. Keith 
Farquhar College of Arts and Sciences, Nova Southeastern University, Fort Lauderdale, FL, USA 

5. References 
Castellini, M.A., D.P. Costa, and A.C. Huntley. 1987. Fatty acid metabolism in fasting 

northern elephant seal pups. Journal of Comparative Physiology B 157:445-449. 
Champagne, C.D., D.S. Houser, and D.E. Crocker. 2005. Glucose production and substrate 

cycle activity in a fasting adapted animal, the northern elephant seal. Journal of 
Experimental Biology. 208:859-868. 

Edelstein-Keshet, L. 1988. Mathematical models in biology. Random House, Inc., New York, 
NY. 325 pp. 

Halfon, E. 1976. Relative stability of ecosystem linear models. Ecological Modeling 2:279-286. 
Heinrich, R., S.M. Rapoport, and T.A. Rapoport. 1977. Metabolic regulation and 

mathematical models. Progress in Biophysics and Molecular Biology 32:1-82. 
Houser, D.S. and D.P. Costa. 2001. Protein catabolism in suckling and fasting northern elephant 

seal pups (Mirounga angustirostris). Journal of Comparative Physiology B 171:635-642. 
Jeffers, J.N.R. 1978. An introduction to systems analysis: with ecological applications. 

University Park Press, Baltimore, MD 87 pp. 
Jeffers, J.N.R. 1982. Modeling. Chapman and Hall, London. 80 pp. 
Katz, J., H. Rostami, and A. Dunn. 1974. Evaluation of glucose turnover, body mass, and 

recycling with reversible and irreversible tracers. Biochemical Journal 142:161-170. 
Keith, E.O. 1984. Glucose metabolism in fasting northern elephant seal pups. Ph.D. 

Dissertation, University of California, Santa Cruz, CA. 101 pp. 
Keith, E.O., and C.L. Ortiz. 1989. Glucose kinetics in neonatal elephant seals during 

postweaning aphagia. Marine Mammal Science 5:99-115. 
Keith, E.O. (1999). A matrix model of metabolite flux in northern elephant seal pups undergoing 

natural fasting after weaning. Comparative Biochemistry and Physiology. 124A:S100, 1999.  
Le Boeuf, B.J, and R.M. Laws. 1994. Elephant seals. Population ecology, behavior, and 

behavior. University of California Press, Berkeley, CA 450 pp. 
Nolan, J.V., and R.A. Leng. 1974. Symposium on ‘tracer techniques in nutrition’. Isotope 

techniques for studying the dynamics of nitrogen metabolism in sheep. Proceedings of 
the Nutrition Society 33:1-8. 

Ortiz, C.L., D.P. Costa, and B.J. Le Boeuf. 1978. Water and energy flux in elephant seals 
fasting under natural conditions. Physiological Zoology 51:166-178. 

Shipley, R.A., and R.E. Clark. 1972. Tracer methods for in vivo kinetics. Academic Press, 
New York, NY 239 pp. 

Swartzman, G.L. 1987. Ecological simulation primer. Macmillan Publishing Company, New 
York, NY. 257 pp. 

Section 3 

 

 
 
 

Environmental/Ecological Issues 

 

  



 
New Approaches to the Study of Marine Mammals 

 

46 

degree of recycling may be one reason for the ability of these animals to avoid ketoacidosis, 
a major deleterious consequence of fasting in many other mammals, and thus allow them to 
undergo a prolonged fast during this vulnerable period in their life history. 
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1. Introduction 

Cetacean diversity, like all biodiversity worldwide, is seriously threatened; its loss seems to 
be occurring at a very rapid and increasing rate [1]. In March 2010, the European 
Commission set a key objective for 2020: halt the loss of biodiversity and the degradation of 
ecosystem services in the EU [2]. To the objective of improving the effectiveness of 
conservation strategies it becomes important to know the health status of endangered 
species and then to develop methods of investigation that are not destructive and the least 
invasive possible. In the last few years a non destructive sampling method, the skin biopsy, 
was developed in cetaceans to obtain viable tissue samples from free-ranging animals [3]. 
With the skin biopsy it is possible to assess the effects of multiple pressures related to 
bioaccumulation of anthropogenic contaminants, infectious diseases, climate change, food 
depletion from over-fishing, bycatch, noise, shipping and collision that stress cetacean 
species. The evaluation of their “health status” is possible using a suite of sensitive tools, 
such as non-destructive biomarkers, that will enable us to detect the presence and the effects 
of contaminants, the reproduction alteration, the genotoxicity, the immunosuppression, the 
feeding ecology and the general stress [4]. Actually, it is very difficult to discern the effects 
of one threat from those of another when multiple threats are acting simultaneously; for 
example the incidence of pathology in cetaceans is closely related to the level of pollution in 
their environments and thus bacterial and viral infections and contaminants should be 
considered from a holistic point of view [5]. Regarding the effects of anthropogenic 
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contaminants, it is known that some contaminants, such as organochlorines (OCs), 
polybrominated diphenyl ethers (PBDEs), bisphenol A (BPA) and phthalates are endocrine 
disrupting chemicals (EDCs) and immunosuppressors [6, 7, 8, 9, 10]. Others, such as 
polycyclic aromatic hydrocarbons (PAHs), derived from both natural (e.g., oil spills, forest 
fires, natural petroleum seeps) and anthropogenic (e.g., combustion of fossil fuels, use of oil 
for cooking and heating, coal burning) sources, are carcinogenic, teratogenic and mutagenic 
compounds [11] and some studies have shown that PAHs with four or more rings can 
induce dioxin-like activity and weak estrogenic responses [12]. Moreover PAHs have 
attracted scientific interest due to their genotoxicity [13]. But how is it possible to 
discriminate the effects of a specific toxic in a mixture of many pollutants and assess the 
susceptibility of a particular cetacean species to just one class of contaminants? The aim of 
the present study is to use cetacean fibroblast cell cultures, obtained from skin biopsy of 
free-ranging animals and from skin tissue of stranded animals dead within 12 h [14, 15], as 
an "in vitro" method, called “Test Tube Cetaceans”, to investigate the effects of 
environmental contaminants. In particular we use Test Tube Cetaceans to explore the 
susceptibility to genotoxic effects of different environmental contaminants in these marine  
mammals. Cell cultures were obtained from several species of cetaceans: fin whale 
(Balaenoptera physalus) and Bryde’s whale (Balaenoptera edeni) for mysticetes, sperm whale 
(Physeter macrocephalus), killer whale (Orcinus orca), Risso's dolphin (Grampus griseus), 
bottlenose dolphin (Tursiops truncatus), striped dolphin (Stenella coeruleoalba), long-beaked 
common dolphin (Delphinus capensis) and common dolphin (Delphinus delphis) for 
odontocetes. Here we present the results for three different biomarkers of anthropogenic 
stress in cetacean cell cultures that will enable us to assess: i) exposure to contaminants, ii) 
immunosuppression and iii) genotoxicity. 

i. Interspecies differences in the mixed function oxidase (MFO) induction as biomarker 
of exposure to different environmental contaminants: the evaluation in fibroblast cell 
cultures with immunofluorescence technique of the presence and the induction of two 
components (CYP1A1 and CYP2B) of the cytochrome P450 monooxygenase system 
(MFO), among the most relevant in drug and xenobiotic metabolism, was used to 
evaluate interspecies sensitivities to various classes of environmental contaminants. In 
particular CYP1A1 is induced by planar compounds such as planar OCs (coplanar 
polychlorinated biphenyls (PCBs)) and PAHs [16] and CYP2B by globular compounds 
such as PBDEs, PCBs and OC insecticides such as dichlorodiphenyltrichloroethane 
(DDT) and its metabolites [17, 18].  

ii. Qualitative and quantitative major histocompatibility complex (MHC) class I chain 
related protein A (MICA) expression as toxicological stress marker of the immune 
system: the evaluation of the qualitative and quantitative MICA protein expression in 
fibroblast cell cultures with the immunofluorescence technique was used as 
toxicological stress marker of the immune system of different species of cetaceans [19]. 
The genes encoding for MICA and MICB are found within the major histocompatibility 
complex. Although MIC products have been found in various cells/tissues, the current 
consensus is that MIC genes are mainly expressed in gastrointestinal epithelium, 
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endothelial cells and fibroblasts. MIC molecules are considered to be stress-induced 
antigens that are recognized by cytotoxic T cells and natural killer (NK) cells, which 
play an important role in the surveillance of transformed infected and damaged cells 
[20]. Because the cetacean skin is an important tissue of the immune system and 
contributes to biological structure by acting not only as a protective physical barrier, but 
also as a target for immune components that mount the initial defense against invading 
pathogens, noxious stimuli, and resident neoplastic cells, the evaluation of MICA 
protein expression in cetaceans can be used to evaluate the status of the immune system 
of different species of cetaceans. 

iii. Detection of DNA damage by Comet assay as genotoxicity biomarker: the presence of 
compounds such as PAHs, OCs and heavy metals in the marine environment can damage 
the DNA of living cells. The loss of DNA integrity can determine genotoxic effects, such as 
DNA base modifications, strand breaks, depurination and cross-linkages [21]. The comet 
assay or single cell gel electrophoresis (SCGE) is a sensitive method used as an indicator 
of genotoxicity and an effective biomarker for detecting DNA damage in living cells of 
aquatic animals [22]. Compared to other genotoxicity tests, such as chromosomal 
aberrations, sister chromatid exchanges, alkaline elution, and micronucleus assay, the 
advantages of the Comet assay include its demonstrated sensitivity for detecting low 
levels of DNA damage (one break per 1010 Da of DNA), requirement for small number of 
cells (~10,0000) per sample, flexibility to use proliferating cells, low cost, ease of 
application, and the short time needed to complete a study [23]. 

2. Sampling methods 

2.1. Free- ranging cetaceans 

Samples of skin (epidermis, dermis and blubber) were obtained from free-ranging 
specimens of long-beaked common dolphin (Delphinus capensis; MDC12) and common 
dolphin (Delphinus delphis; DDL1) using an aluminium pole armed with biopsy tips (0.7 cm 
ø, 3.0 cm length), while skin biopsies from free-ranging specimens of Bryde’s whale 
(Balaenoptera edeni; MBE3), killer whale (Orcinus orca; MOO12), sperm whale (Physeter 
macrocephalus; PMAS1), bottlenose dolphin (Tursiops truncatus; TTA1) and Risso's dolphin 
(Grampus griseus; GGL1) were obtained using a Barnett Wildcat II crossbow with a 150-
pound test bow, using a biopsy dart with modified stainless steel collecting tip (0.9 cm ø, 4.0 
cm length). Biopsy samples were taken in the dorsal area near the dorsal fin, with CITES 
authorization (CITES Nat. IT025IS, Int. CITES IT 007) in the Sea of Cortez (MDC12, MBE3 
and MOO12) and Mediterranean Sea (DDL1, PMAS1, TTA1 and GGL1). A small fragment of 
the biopsy was immediately stored in cell medium for the cell cultures. 

2.2. Stranded cetaceans 

Skin tissue of stranded cetaceans (dead within 2-12 h) were obtained from specimens found 
dead along the Italian coasts in the period 2005–2009 (CITES Nat. IT025IS, Int. CITES IT 007). 
Samples were taken under the dorsal fin of stranded specimens of fin whale (RT2 and 
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contaminants, it is known that some contaminants, such as organochlorines (OCs), 
polybrominated diphenyl ethers (PBDEs), bisphenol A (BPA) and phthalates are endocrine 
disrupting chemicals (EDCs) and immunosuppressors [6, 7, 8, 9, 10]. Others, such as 
polycyclic aromatic hydrocarbons (PAHs), derived from both natural (e.g., oil spills, forest 
fires, natural petroleum seeps) and anthropogenic (e.g., combustion of fossil fuels, use of oil 
for cooking and heating, coal burning) sources, are carcinogenic, teratogenic and mutagenic 
compounds [11] and some studies have shown that PAHs with four or more rings can 
induce dioxin-like activity and weak estrogenic responses [12]. Moreover PAHs have 
attracted scientific interest due to their genotoxicity [13]. But how is it possible to 
discriminate the effects of a specific toxic in a mixture of many pollutants and assess the 
susceptibility of a particular cetacean species to just one class of contaminants? The aim of 
the present study is to use cetacean fibroblast cell cultures, obtained from skin biopsy of 
free-ranging animals and from skin tissue of stranded animals dead within 12 h [14, 15], as 
an "in vitro" method, called “Test Tube Cetaceans”, to investigate the effects of 
environmental contaminants. In particular we use Test Tube Cetaceans to explore the 
susceptibility to genotoxic effects of different environmental contaminants in these marine  
mammals. Cell cultures were obtained from several species of cetaceans: fin whale 
(Balaenoptera physalus) and Bryde’s whale (Balaenoptera edeni) for mysticetes, sperm whale 
(Physeter macrocephalus), killer whale (Orcinus orca), Risso's dolphin (Grampus griseus), 
bottlenose dolphin (Tursiops truncatus), striped dolphin (Stenella coeruleoalba), long-beaked 
common dolphin (Delphinus capensis) and common dolphin (Delphinus delphis) for 
odontocetes. Here we present the results for three different biomarkers of anthropogenic 
stress in cetacean cell cultures that will enable us to assess: i) exposure to contaminants, ii) 
immunosuppression and iii) genotoxicity. 

i. Interspecies differences in the mixed function oxidase (MFO) induction as biomarker 
of exposure to different environmental contaminants: the evaluation in fibroblast cell 
cultures with immunofluorescence technique of the presence and the induction of two 
components (CYP1A1 and CYP2B) of the cytochrome P450 monooxygenase system 
(MFO), among the most relevant in drug and xenobiotic metabolism, was used to 
evaluate interspecies sensitivities to various classes of environmental contaminants. In 
particular CYP1A1 is induced by planar compounds such as planar OCs (coplanar 
polychlorinated biphenyls (PCBs)) and PAHs [16] and CYP2B by globular compounds 
such as PBDEs, PCBs and OC insecticides such as dichlorodiphenyltrichloroethane 
(DDT) and its metabolites [17, 18].  

ii. Qualitative and quantitative major histocompatibility complex (MHC) class I chain 
related protein A (MICA) expression as toxicological stress marker of the immune 
system: the evaluation of the qualitative and quantitative MICA protein expression in 
fibroblast cell cultures with the immunofluorescence technique was used as 
toxicological stress marker of the immune system of different species of cetaceans [19]. 
The genes encoding for MICA and MICB are found within the major histocompatibility 
complex. Although MIC products have been found in various cells/tissues, the current 
consensus is that MIC genes are mainly expressed in gastrointestinal epithelium, 
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endothelial cells and fibroblasts. MIC molecules are considered to be stress-induced 
antigens that are recognized by cytotoxic T cells and natural killer (NK) cells, which 
play an important role in the surveillance of transformed infected and damaged cells 
[20]. Because the cetacean skin is an important tissue of the immune system and 
contributes to biological structure by acting not only as a protective physical barrier, but 
also as a target for immune components that mount the initial defense against invading 
pathogens, noxious stimuli, and resident neoplastic cells, the evaluation of MICA 
protein expression in cetaceans can be used to evaluate the status of the immune system 
of different species of cetaceans. 

iii. Detection of DNA damage by Comet assay as genotoxicity biomarker: the presence of 
compounds such as PAHs, OCs and heavy metals in the marine environment can damage 
the DNA of living cells. The loss of DNA integrity can determine genotoxic effects, such as 
DNA base modifications, strand breaks, depurination and cross-linkages [21]. The comet 
assay or single cell gel electrophoresis (SCGE) is a sensitive method used as an indicator 
of genotoxicity and an effective biomarker for detecting DNA damage in living cells of 
aquatic animals [22]. Compared to other genotoxicity tests, such as chromosomal 
aberrations, sister chromatid exchanges, alkaline elution, and micronucleus assay, the 
advantages of the Comet assay include its demonstrated sensitivity for detecting low 
levels of DNA damage (one break per 1010 Da of DNA), requirement for small number of 
cells (~10,0000) per sample, flexibility to use proliferating cells, low cost, ease of 
application, and the short time needed to complete a study [23]. 

2. Sampling methods 

2.1. Free- ranging cetaceans 

Samples of skin (epidermis, dermis and blubber) were obtained from free-ranging 
specimens of long-beaked common dolphin (Delphinus capensis; MDC12) and common 
dolphin (Delphinus delphis; DDL1) using an aluminium pole armed with biopsy tips (0.7 cm 
ø, 3.0 cm length), while skin biopsies from free-ranging specimens of Bryde’s whale 
(Balaenoptera edeni; MBE3), killer whale (Orcinus orca; MOO12), sperm whale (Physeter 
macrocephalus; PMAS1), bottlenose dolphin (Tursiops truncatus; TTA1) and Risso's dolphin 
(Grampus griseus; GGL1) were obtained using a Barnett Wildcat II crossbow with a 150-
pound test bow, using a biopsy dart with modified stainless steel collecting tip (0.9 cm ø, 4.0 
cm length). Biopsy samples were taken in the dorsal area near the dorsal fin, with CITES 
authorization (CITES Nat. IT025IS, Int. CITES IT 007) in the Sea of Cortez (MDC12, MBE3 
and MOO12) and Mediterranean Sea (DDL1, PMAS1, TTA1 and GGL1). A small fragment of 
the biopsy was immediately stored in cell medium for the cell cultures. 

2.2. Stranded cetaceans 

Skin tissue of stranded cetaceans (dead within 2-12 h) were obtained from specimens found 
dead along the Italian coasts in the period 2005–2009 (CITES Nat. IT025IS, Int. CITES IT 007). 
Samples were taken under the dorsal fin of stranded specimens of fin whale (RT2 and 
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RT25), sperm whale (PM6), bottlenose dolphin (TurNic) and striped dolphin (RT1 and 
RT23), and immediately placed in cell medium.  

2.3. Sex identification 

Sex determination in cetaceans was carried out by genetic investigations according to 
Berubè & Palsboll [24]. 

3. Fibroblast cell cultures 

The development of a non-invasive sampling method for obtaining viable tissue samples for 
cell cultures from skin biopsies of free-ranging and stranded cetaceans was described by 
Marsili et al. [14]. Successful cell cultures were obtained from all the animals. After the 
biopsy, skin samples were stored in sterile medium MEM Eagle Earle's salts w/L-glutamine 
and sodium bicarbonate (Mascia Brunelli, Milan, Italy) + 10% gamma irradiated fetal calf 
serum (Mascia Brunelli) + 1% MEM not essential aminoacids (NEAA) solution 100x (Mascia 
Brunelli) + 1% Penicillin/Streptomycin 100x (Mascia Brunelli) + 0.1% Amphotericin B 100x 
(Mascia Brunelli) at room temperature and was processed within 24 h of collection. In the 
laboratory, each sample was washed with Earle's balanced salt solution (EBSS; Mascia 
Brunelli) containing antibiotic (Penicillin/Streptomycin 100x [Mascia Brunelli]) and 
antimycotic (Amphotericin B 100x [Mascia Brunelli]) solutions. All specimens were handled 
using sterile techniques. Initially, the collected tissue was cut into small pieces with curved 
surgical scissors, placed in 30-mm Petri dishes and incubated with Trypsin-EDTA solution 
1x (Mascia Brunelli) for 15 min at 37°C. The biopsy fragments were washed again and then 
placed in Falcon 25 flasks, moistened with medium. After 24 h at 37°C in an incubator with 
5% CO2, the cultures were covered with 1 ml of medium. Half of the culture medium was 
replaced every 48 h with fresh medium. 

4. Indirect immunofluorescence tecnique 

Third generation fibroblast cell cultures were exposed to the different mixtures of 
contaminants reported in the Table 1.  

We used immunofluorescence in fibroblast cultures for a qualitative and semi-quantitative 
analysis of target proteins CYP1A1, CYP2B and MICA. After a first reaction with the 
primary polyclonal antibodies (goat anti-rabbit cytochrome P450 1A1 and goat anti-rabbit 
cytochrome P450 2B; Oxford Biochemical Research (Oxford MI, USA); rabbit polyclonal anti-
MICA; Abcam), the cells were treated with the respective secondary antibodies (Alexa Fluor 
594 goat anti-rabbit IgG (H+L) for CYP1A1 and CYP2B; Alexa Fluor 568 rabbit anti-goat IgG 
(H+L) for MICA; Invitrogen), labelled with red-fluorescent Alexa Fluor dye. 
Immunofluorescence was quantified with a specially designed Olympus Soft Imaging 
Systems macro, DetectIntZ, which works with the image acquisition, processing and analysis 
system, analySIS^B (Olympus) [15]. The image analysis procedure has the objective of 
quantifying, with an adimensional index generated for this purpose, the amount of Alexa  
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Name Mixture Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

OC 
mixture 

(Arochlor 1260 + 
pp’DDT + p’DDE) 

solubilized in 
DMSO (0.05%) 

0.01 μg/ml 0.1 μg/ml 1 μg/ml 5 μg/ml 
25 

μg/ml 

PAHs 

Benzo(a)pyrene 
(1mM) + 

beta-
naphthoflavone 

(20mM) 
solubilized in 
acetone (0.1%) 

0.5μM BaP 
+ 

10μM BnF 

2.5μM BaP 
+ 

50μM BnF 

12.5μM BaP 
+ 

250μM BnF 
/ / 

Flame 
retardants 

BDE-MXE 
solubilized in 

nonane 
(0.01 μg/ml) 

0.01 μg/ml 0.05 μg/ml 0.1 μg/ml / / 

BPA 
BPA 

solubilized in 
ethanol (0.1%) 

0.1 μg/ml 1 μg/ml 10 μg/ml 100 μg/ml / 

Table 1. The different mixtures of contaminants and doses to which cell cultures were exposed. 

Fluor localized in the membrane of cytoplasmatic area of sample cells. The sample cells are 
imaged using DAPI and this image is presented to the operator for threshold selection of 
cytoplasmatic and nuclei Region of Interests (ROIs) across the field. The procedure then 
utilizes these ROIs to measure fluorescence intensity of Alexa Fluor sample cell and 
summarizes the results in a worksheet. The system generates index values which are 
unitless until compared with other units, such as number of cells to obtain mean 
fluorescence per cell or the area in which it is calculated to obtain mean fluorescence per 
mm2. Images are all obtained with a magnification of 20X, a calibration of 0.65 μm/pixel and 
a resolution of 1360 x 1024 x 8 pixel. Exposure times were maintained fixed while reading 
the CYP1A1, CYP2B and MICA for each treatment. A series of images of each slide was 
acquired so that a minimum of 250 cells/slide could be counted. The total fluorescence 
revealed by the program is divided by number of cells to obtain arbitrary unity of 
fluorescence (AUF) per cell. Several slides for CYP1A1, CYP2B and MICA were made for 
each culture: one was a blank (cells treated only with primary and secondary antibodies), 
one was a secondary blank (cells treated only with secondary antibody), one was a chemical 
blank (cells treated with contaminant carrier), two were for each treatment dose of 
contaminants. The blank enabled the natural presence of the target proteins in cultured 
fibroblasts to be checked. The secondary blank enabled validation of the dose of secondary 
antibody without cross reaction as the primary antibody was absent. 

5. Genotoxicity biomarker: comet assay 

Fibroblast cell cultures (third generation) of striped dolphin (RT23) were subjected to this 
experimental protocol for 4 h. A cell line was exposed to a mixture of benzo(a)pyrene 
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RT25), sperm whale (PM6), bottlenose dolphin (TurNic) and striped dolphin (RT1 and 
RT23), and immediately placed in cell medium.  

2.3. Sex identification 

Sex determination in cetaceans was carried out by genetic investigations according to 
Berubè & Palsboll [24]. 

3. Fibroblast cell cultures 

The development of a non-invasive sampling method for obtaining viable tissue samples for 
cell cultures from skin biopsies of free-ranging and stranded cetaceans was described by 
Marsili et al. [14]. Successful cell cultures were obtained from all the animals. After the 
biopsy, skin samples were stored in sterile medium MEM Eagle Earle's salts w/L-glutamine 
and sodium bicarbonate (Mascia Brunelli, Milan, Italy) + 10% gamma irradiated fetal calf 
serum (Mascia Brunelli) + 1% MEM not essential aminoacids (NEAA) solution 100x (Mascia 
Brunelli) + 1% Penicillin/Streptomycin 100x (Mascia Brunelli) + 0.1% Amphotericin B 100x 
(Mascia Brunelli) at room temperature and was processed within 24 h of collection. In the 
laboratory, each sample was washed with Earle's balanced salt solution (EBSS; Mascia 
Brunelli) containing antibiotic (Penicillin/Streptomycin 100x [Mascia Brunelli]) and 
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4. Indirect immunofluorescence tecnique 

Third generation fibroblast cell cultures were exposed to the different mixtures of 
contaminants reported in the Table 1.  

We used immunofluorescence in fibroblast cultures for a qualitative and semi-quantitative 
analysis of target proteins CYP1A1, CYP2B and MICA. After a first reaction with the 
primary polyclonal antibodies (goat anti-rabbit cytochrome P450 1A1 and goat anti-rabbit 
cytochrome P450 2B; Oxford Biochemical Research (Oxford MI, USA); rabbit polyclonal anti-
MICA; Abcam), the cells were treated with the respective secondary antibodies (Alexa Fluor 
594 goat anti-rabbit IgG (H+L) for CYP1A1 and CYP2B; Alexa Fluor 568 rabbit anti-goat IgG 
(H+L) for MICA; Invitrogen), labelled with red-fluorescent Alexa Fluor dye. 
Immunofluorescence was quantified with a specially designed Olympus Soft Imaging 
Systems macro, DetectIntZ, which works with the image acquisition, processing and analysis 
system, analySIS^B (Olympus) [15]. The image analysis procedure has the objective of 
quantifying, with an adimensional index generated for this purpose, the amount of Alexa  
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Name Mixture Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

OC 
mixture 

(Arochlor 1260 + 
pp’DDT + p’DDE) 

solubilized in 
DMSO (0.05%) 

0.01 μg/ml 0.1 μg/ml 1 μg/ml 5 μg/ml 
25 

μg/ml 

PAHs 

Benzo(a)pyrene 
(1mM) + 

beta-
naphthoflavone 

(20mM) 
solubilized in 
acetone (0.1%) 

0.5μM BaP 
+ 

10μM BnF 

2.5μM BaP 
+ 

50μM BnF 

12.5μM BaP 
+ 

250μM BnF 
/ / 

Flame 
retardants 

BDE-MXE 
solubilized in 

nonane 
(0.01 μg/ml) 

0.01 μg/ml 0.05 μg/ml 0.1 μg/ml / / 

BPA 
BPA 

solubilized in 
ethanol (0.1%) 

0.1 μg/ml 1 μg/ml 10 μg/ml 100 μg/ml / 

Table 1. The different mixtures of contaminants and doses to which cell cultures were exposed. 

Fluor localized in the membrane of cytoplasmatic area of sample cells. The sample cells are 
imaged using DAPI and this image is presented to the operator for threshold selection of 
cytoplasmatic and nuclei Region of Interests (ROIs) across the field. The procedure then 
utilizes these ROIs to measure fluorescence intensity of Alexa Fluor sample cell and 
summarizes the results in a worksheet. The system generates index values which are 
unitless until compared with other units, such as number of cells to obtain mean 
fluorescence per cell or the area in which it is calculated to obtain mean fluorescence per 
mm2. Images are all obtained with a magnification of 20X, a calibration of 0.65 μm/pixel and 
a resolution of 1360 x 1024 x 8 pixel. Exposure times were maintained fixed while reading 
the CYP1A1, CYP2B and MICA for each treatment. A series of images of each slide was 
acquired so that a minimum of 250 cells/slide could be counted. The total fluorescence 
revealed by the program is divided by number of cells to obtain arbitrary unity of 
fluorescence (AUF) per cell. Several slides for CYP1A1, CYP2B and MICA were made for 
each culture: one was a blank (cells treated only with primary and secondary antibodies), 
one was a secondary blank (cells treated only with secondary antibody), one was a chemical 
blank (cells treated with contaminant carrier), two were for each treatment dose of 
contaminants. The blank enabled the natural presence of the target proteins in cultured 
fibroblasts to be checked. The secondary blank enabled validation of the dose of secondary 
antibody without cross reaction as the primary antibody was absent. 

5. Genotoxicity biomarker: comet assay 

Fibroblast cell cultures (third generation) of striped dolphin (RT23) were subjected to this 
experimental protocol for 4 h. A cell line was exposed to a mixture of benzo(a)pyrene 
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(1mM) and beta-naphthoflavone (20mM), solubilized in acetone (0.1%), at three doses 
(Table 1), plus an acetone (0.1%) control. Fibroblast cell cultures were processed for the 
comet assay after Caliani et al. [13], with some modifications. The cells were centrifuged at 
1000 g for 10 min, then were embedded in agarose (0.5% low-melting agarose) and 
layered on conventional slides, predipped in 1% normal melting agarose. The slides were 
immersed into a freshly made lysis solution (2.5 M NaCl, 10 mM Tris, 0.1 M EDTA, 1% 
Triton X-100, and 10% DMSO, pH 10) for at least 1 h at 4°C in the dark. The slides were 
then placed on a horizontal electrophoresis tray previously filled with freshly prepared 
cold alkaline buffer and left for 20 min to allow DNA unwinding. Electrophoresis was 
performed at 25 V and 300 mA for 20 min. The DNA migration was evaluated at three 
different pH conditions (pH 13, pH 12.1, pH 8). Slides were then neutralized in Tris (0.4 
M, pH 7.5) for 3x5 min and stained with Sybr safe 1:10.000 in TE (10 mM Tris-HCl pH 7.5 
and 500 mM EDTA pH 7.5) buffer. A total of 50 cells per slide were examined under 
epifluorescence at 40X magnification. The amount of DNA damage was evaluated  
as the percentage of DNA migrating out of the nucleus using an image analyser (Komet 
6.0 Software, Kinetic Imaging Ltd.), connected to a fluorescent microscope (Olympus 
BX41). 

6. Interspecies differences in the Mixed Function Oxidase (MFO) as 
biomarker of exposure of different environmental contaminants 

Fibroblast cell cultures of fin whale (RT2), Bryde’s whale (MBE3), sperm whale (PM6), killer 
whale (MOO12), Risso's dolphin (GGL1), bottlenose dolphin (TurNic), striped dolphin 
(RT1), long-beaked common dolphin (MDC12) and common dolphin (DDL1) were treated 
for 48 h with different environmental contaminants and the quantification of the induction 
of endogenous proteins such as CYP1A1 and CYP2B was used as target of toxicological 
susceptibility. The presence and the induction of CYP1A1 and CYP2B were evaluated with 
the indirect immunofluorescence and quantified with the Olympus macro, DetectIntZ. 
CYP1A1 is induced by planar compounds and CYP2B by globular compounds. The 
treatments were performed with OC mixture; flame retardants; PAHs; and BPA (Table 1). In 
the total mixture of Arochlor 1260 [25] only the 1.3033% shows a CYP1A1 inductive capacity 
while the remaining congeners are CYP2B inducers [26, 27, 28, 29, 30]. pp’DDE and pp’DDT 
are known as CYP2B inducers [31, 32] but an experiment on fibroblast cell culture of sperm 
whale (PM6) treated only with pp’DDT and pp’DDE has shown a capacity of these 
compounds to induce also the CYP1A1 (Figure 1). Examining at the bromine substitution 
patterns in the basic structure of the PBDE molecule, and with the support of the other 
studies on this topic [33] we can say that in the BDE-MXE mixture, the 18.72% is CYP1A1 
inducer and the rest of congeners are CYP2B inducers. Benzo(a)pyrene and beta-
naphthoflavone are important planar compounds and CYP1A1 inducers [31]. Finally BPA 
that may be a human-specific inducer of the CYP3A4 gene [34], but many studies have 
shown that BPA inhibits several P450-dependent monooxygenases activities (CYP1A2, 
CYP2A2, CYP2B2, CYP2C11, CYP2D1, CYP2E1 and CYP3A2) [35]. 
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Figure 1. Basal levels of immunofluorescence (AUF/nucleus) of CYP1A1  in fibroblast cells of sperm 
whale treated with pp’DDT and pp’DDE. 

6.1. Basal levels of CYP1A1 and CYP2B in different species  

The first result of these experiments in nine cetacean species was the detection of the 
presence of CYP1A1 and CYP2B in fibroblast cells of all species, revealed by 
immunofluorescence (Figure 2A-B); a higher basal expression of both proteins was found in 
Risso’s dolphin (GGL1) and bottlenose dolphin (TurNic), while fin whale (RT2) and sperm 
whale (PM6) showed the lowest levels of these proteins. The Risso's dolphin (GGL1) and the 
sperm whale (PM6) have a very similar diet, consisting mostly of squid. Nevertheless, they 
have a very different basal expression of the two cytochromes. As for the other species, very 
high levels of CYP1A1 were present in the Bryde’s whale (MBE3). This mysticete sampled in 
the Sea of Cortez showed CYP1A1 levels more than 20 times greater than the other 
mysticete studied, the Mediterranean fin whale (RT2). Regarding the levels of contaminants 
detected in the blubber of different species, the bottlenose dolphin (TurNic), stranded along 
the coasts of the Mediterranean Sea, had very high levels of organochlorine contaminants in 
its blubber (DDTs = 77.4 μg/g lipid weight (l.w.); PCBs = 262.6 μg/g l.w.) that are potent 
inducers of CYP2B. In fact, especially in this specimen this cytochrome appears to be 
markedly higher than the levels shown by other species (Figure 2B). But the sperm whale 
(PM6) was also a stranded specimen found on the Italian coasts (Mediterranean Sea) having 
high values of these xenobiotics in the blubber. It seems therefore that this basal activity is 
more species-specific than related to the geographical location, diet, toxicological status, etc. 
in which the animals were found. 
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Figure 2. (A-B): Basal levels of immunofluorescence (AUF/nucleus) of CYP1A1 (A) and CYP2B (B) in 
fibroblast cells of fin whale (B.p.), Bryde’s whale (B.e.), sperm whale (P.m.), killer whale (O.o.), Risso’s 
dolphin (G.g.), bottlenose dolphin (T.t.), striped dolphin (S.c.), long-beaked common dolphin (D.c.) and 
common dolphin (D.d.).  
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6.2. CYP1A1 and CYP2B in different species after treatment with OC mixture 

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species treated with OC mixture and expressed as index 
numbers, are reported in Table 2A-B.  
 

A   CYP1A1 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 125.1 170.3 148.0 104.3 143.6 

MBE3 (Bryde’s whale) 100 31.6 106.2 55.8 / / 

PM6 (sperm whale) 100 / / 15.7 31.9 77.4 

MOO12 (killer whale) 100 427.2 288.6 207.8 696.6 49.0 

GGL1 (Risso’s dolphin) 100 / / 144.5 224.1 104.7 

TurNic (bottlenose dolphin) 100 63.0 96.5 81.4 / / 

RT1 (striped dolphin) 100 56.4 31.0 49.3 94.1 219.6 

MDC12 (long-beaked common dolphin) 100 325.9 312.1 836.9 / / 

DDL1 (common dolphin) 100 / / 111.4 117.3 82.9 

B   CYP2B 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 
 µg/ml 

5 
 µg/ml 

25 
 µg/ml 

RT2 (fin whale) 100 112.3 110.1 110.4 116.3 146.5 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 / / 134.6 292.1 212.4 

MOO12 (killer whale) 100 156.4 300.5 456.0 153.3 104.3 

GGL1 (Risso’s dolphin) 100 / / 70.8 45.2 128.1 

TurNic (bottlenose dolphin) 100 88.6 136.2 85.7 / / 

RT1 (striped dolphin) 100 399.8 756.2 305.7 141.8 368.0 

MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 / / 

DDL1 (common dolphin) 100 / / 112.1 102.0 84.7 

 

Table 2.  (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in 
cultured fibroblasts of different species treated with OC mixture. The immunofluorescence is expressed 
as  index numbers respect to solvent control. Different colour of box is related to different increase of 
these proteins. N.C. = no cells. 
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The results confirm the capability of this methodology to detect CYP1A1 (Table 2A) and 
CYP2B (Table 2B) induction with OC mixture in many species of this study; particularly we 
had induction of CYP1A1 and CYP2B, with respect to chemical blank (DMSO), at all doses 
in fin whale (RT2) (Figure 3A; D) and long-beaked common dolphin (MDC12); an induction 
of CYP1A1 was detected at all doses in Risso’s dolphin (GGL1) and of CYP2B at all doses in 
sperm whale (PM6), killer whale (MOO12) and striped dolphin (RT1) (Figure 3F). No 
induction of CYP1A1 was detected in sperm whale (PM6) and bottlenose dolphin (TurNic), 
while CYP2B showed OC induction at least at one treatment dose in all species. Different 
induction responses were given by the different specimens: there was a dose/response 
induction for CYP1A1 only for long-beaked common dolphin (MDC12) and for CYP2B only 
for fin whale (RT2) (Figure 3D), while a bell-shaped response was present for CYP1A1 in 
Risso’s dolphin (GGL1) and common dolphin (DDL1), and for CYP2B in sperm whale 
(PM6), killer whale (MOO12) (Figure 3E), striped dolphin (RT1) (Figure 3F) and common 
dolphin (DDL1). Discontinuous induction response was showed for CYP1A1 and CYP2B by 
the other specimens such as CYP1A1 in killer whale (MOO12) (Figure 3B) and striped 
dolphin (RT1) (Figure 3C). It is interesting to point out that all species, following treatment 
with the OC mixture, showed a greater response of CYP2B, compared to CYP1A1, 
confirming that these xenobiotics mostly with globular structure have a major ability to 
induce this cytochrome. 

 
Figure 3. A-F: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-C) and CYP2B (D-F) in fibroblast 
cells of fin whale (RT2) (A, D), killer whale (MOO12) (B, E) and striped dolphin (RT1) (C, F) treated with 
OC mixture. DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments. 
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6.3. CYP1A1 and CYP2B in different species after treatment with flame 
retardants 

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species treated with flame retardants and expressed as 
index numbers, are reported in Table 3A-B. Marked differences in CYP1A1 (Table 3A) and 
CYP2B (Table 3B) induction by flame retardants were detected in different species, with 
higher sensitivity of responses in striped dolphin (RT1) for CYP1A1 (Figure 4A) and killer 
whale (MOO12) for CYP2B. To be highlighted that we have an inductive response of both 
cytochromes in the same animals, precisely in sperm whale (PM6), killer whale (MOO12), 
striped dolphin (RT1) (Figure 4A; C), long-beaked common dolphin (MDC12) (Figure 4B; D) 
and common dolphin (DDL1). Bottlenose dolphin (TurNic) showed only the CYP1A1 
induction. 
 

A   CYP1A1 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 52.1 91.2 51.3 
MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 113.2 105.2 52.0 
MOO12 (killer whale) 100 132.2 36.6 131.1 

GGL1 (Risso’s dolphin) 100 73.3 98.6 82.6 
TurNic (bottlenose dolphin) 100 71.1 102.5 131.9 

RT1 (striped dolphin) 100 128.4 232.6 273.1 
MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 

DDL1 (common dolphin) 100 135.4 133.9 154.6 

B   CYP2B 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 60.2 68.4 54.1 
MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 111.9 70.5 63.1 
MOO12 (killer whale) 100 314.7 110.7 52.7 

GGL1 (Risso’s dolphin) 100 70.2 75.9 48.6 
TurNic (bottlenose dolphin) 100 71.5 69.2 94.1 

RT1 (striped dolphin) 100 177.4 109.9 128.3 
MDC12 (long-beaked common dolphin) 100 149.5 139.3 178.1 

DDL1 (common dolphin) 100 118.4 85.8 324.5 

Table 3. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with flame retardants. The immunofluorescence is expressed as 
index numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. N.C. = no cells. 

A dose dependent induction of CYP1A1 was detected in striped dolphin (RT1) and common 
dolphin (DDL1) and of CYP2B only in long-beaked common dolphin (MDC12). A bell-
shaped response was present for CYP1A1 and CYP2B in sperm whale (PM6), and for CYP2B 
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while CYP2B showed OC induction at least at one treatment dose in all species. Different 
induction responses were given by the different specimens: there was a dose/response 
induction for CYP1A1 only for long-beaked common dolphin (MDC12) and for CYP2B only 
for fin whale (RT2) (Figure 3D), while a bell-shaped response was present for CYP1A1 in 
Risso’s dolphin (GGL1) and common dolphin (DDL1), and for CYP2B in sperm whale 
(PM6), killer whale (MOO12) (Figure 3E), striped dolphin (RT1) (Figure 3F) and common 
dolphin (DDL1). Discontinuous induction response was showed for CYP1A1 and CYP2B by 
the other specimens such as CYP1A1 in killer whale (MOO12) (Figure 3B) and striped 
dolphin (RT1) (Figure 3C). It is interesting to point out that all species, following treatment 
with the OC mixture, showed a greater response of CYP2B, compared to CYP1A1, 
confirming that these xenobiotics mostly with globular structure have a major ability to 
induce this cytochrome. 

 
Figure 3. A-F: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-C) and CYP2B (D-F) in fibroblast 
cells of fin whale (RT2) (A, D), killer whale (MOO12) (B, E) and striped dolphin (RT1) (C, F) treated with 
OC mixture. DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments. 
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6.3. CYP1A1 and CYP2B in different species after treatment with flame 
retardants 

Results of the mean levels of immunofluorescence of CYP1A1 (A) and CYP2B (B), revealed 
in cultured fibroblasts of different species treated with flame retardants and expressed as 
index numbers, are reported in Table 3A-B. Marked differences in CYP1A1 (Table 3A) and 
CYP2B (Table 3B) induction by flame retardants were detected in different species, with 
higher sensitivity of responses in striped dolphin (RT1) for CYP1A1 (Figure 4A) and killer 
whale (MOO12) for CYP2B. To be highlighted that we have an inductive response of both 
cytochromes in the same animals, precisely in sperm whale (PM6), killer whale (MOO12), 
striped dolphin (RT1) (Figure 4A; C), long-beaked common dolphin (MDC12) (Figure 4B; D) 
and common dolphin (DDL1). Bottlenose dolphin (TurNic) showed only the CYP1A1 
induction. 
 

A   CYP1A1 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 52.1 91.2 51.3 
MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 113.2 105.2 52.0 
MOO12 (killer whale) 100 132.2 36.6 131.1 

GGL1 (Risso’s dolphin) 100 73.3 98.6 82.6 
TurNic (bottlenose dolphin) 100 71.1 102.5 131.9 

RT1 (striped dolphin) 100 128.4 232.6 273.1 
MDC12 (long-beaked common dolphin) 100 205.2 127.6 189.4 

DDL1 (common dolphin) 100 135.4 133.9 154.6 

B   CYP2B 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

RT2 (fin whale) 100 60.2 68.4 54.1 
MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 

PM6 (sperm whale) 100 111.9 70.5 63.1 
MOO12 (killer whale) 100 314.7 110.7 52.7 

GGL1 (Risso’s dolphin) 100 70.2 75.9 48.6 
TurNic (bottlenose dolphin) 100 71.5 69.2 94.1 

RT1 (striped dolphin) 100 177.4 109.9 128.3 
MDC12 (long-beaked common dolphin) 100 149.5 139.3 178.1 

DDL1 (common dolphin) 100 118.4 85.8 324.5 

Table 3. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with flame retardants. The immunofluorescence is expressed as 
index numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. N.C. = no cells. 

A dose dependent induction of CYP1A1 was detected in striped dolphin (RT1) and common 
dolphin (DDL1) and of CYP2B only in long-beaked common dolphin (MDC12). A bell-
shaped response was present for CYP1A1 and CYP2B in sperm whale (PM6), and for CYP2B 
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in killer whale (MOO12) and striped dolphin (RT1), while discontinuous induction 
responses were showed for CYP1A1 and CYP2B by the other species. Also these 
contaminants are mainly with globular structure as OC mixture, but no differences are 
present in the induction of the two cytochromes. 

 
Figure 4. A-D: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of striped dolphin (RT1) (A, C) and long-beaked common dolphin (MDC12) (B, D) treated with 
flame retardants. DAPI and Alexa Fluor 594 (Intensity 200ms) images of Nonane and the three flame 
retardant treatments. 

6.4. CYP1A1 and CYP2B in different species after treatment with PAHs 

In Table 4A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of different species treated with PAHs, 
expressed as index numbers.  

Only the fibroblasts of some species were treated with PAHs due to the fact that there was 
not a sufficient amount of cells from all of them to perform the various contaminant 
treatments. These planar contaminants are known to induce CYP1A1. In fact, an increase of 
CYP1A1 was detected, at least at one dose, in all specimens cultured fibroblasts exposed to 
PAHs (Table 4A) (Figure 5A-E). In the Risso's dolphin (GGL1) and in the striped dolphin 
(RT1), the higher dose of PAHs even caused the death of all cells. The fibroblast vitality was 
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assessed with trypan blue, a quality control test to check the cell preparation. In the event of 
cell damage, trypan blue penetrates the cell membrane, and dead or damaged cells appear 
blue [36]. CYP2B also, showed induction in the three species treated with PAHs (Table 4B). 
The striped dolphin (RT1) showed the same trend for the two cytochromes (Table 4A-B).   
 

A   CYP1A1 
Acetone 

0.1% 
Dose C Dose B Dose A 

MBE3 (Bryde’s whale) 100 31.6 106.2 55.8 
PM6 (sperm whale) 100 111.5 69.6 68.2 

GGL1 (Risso’s dolphin) 100 107.7 90.2 D.C. 
RT1 (striped dolphin) 100 279.8 77.3 D.C. 

MDC12 (long-beaked common dolphin) 100 155.6 279.7 123.2 

B   CYP2B 
DMSO 
0.1% 

0.01 µg/ml 0. 1 µg/ml 1 µg/ml 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 
PM6 (sperm whale) 100 125.0 64.2 101.6 

GGL1 (Risso’s dolphin) N.C. N.C. N.C. N.C. 
RT1 (striped dolphin) 100 108.6 25.3 D.C. 

MDC12 (long-beaked common dolphin) 100 218.6 65.6 64.3 

Table 4. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with PAHs (Dose C = 0.5μM BaP + 10μM BnF, Dose B = 2.5μM 
BaP + 50μM BnF and Dose A = 12.5μM BaP + 250μM BnF). The immunofluorescence is expressed as  
index numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. N.C. = no cells. D.C. = death cells. 

6.5. CYP1A1 and CYP2B in different species after treatment with BPA 

In Table 5A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of killer whale (MOO12) treated with  
BPA, expressed as index numbers.  
 

A   CYP1A1 Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale) 100 800.7 886.3 747.3 D.C. 
B   CYP2B Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale) 100 48.3 40.4 49.2 D.C. 

Table 5. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with BPA. The immunofluorescence is expressed as index 
numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. D.C. = death cells. 

Only one species, the killer whale, was treated with this potent estrogenic compound since 
the study to evaluate the cetacean susceptibility to BPA has just started in our laboratories. 
However, this preliminary experiment confirms that BPA is a potent CYP2B inhibitor [35] 
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responses were showed for CYP1A1 and CYP2B by the other species. Also these 
contaminants are mainly with globular structure as OC mixture, but no differences are 
present in the induction of the two cytochromes. 

 
Figure 4. A-D: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of striped dolphin (RT1) (A, C) and long-beaked common dolphin (MDC12) (B, D) treated with 
flame retardants. DAPI and Alexa Fluor 594 (Intensity 200ms) images of Nonane and the three flame 
retardant treatments. 
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In Table 4A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of different species treated with PAHs, 
expressed as index numbers.  

Only the fibroblasts of some species were treated with PAHs due to the fact that there was 
not a sufficient amount of cells from all of them to perform the various contaminant 
treatments. These planar contaminants are known to induce CYP1A1. In fact, an increase of 
CYP1A1 was detected, at least at one dose, in all specimens cultured fibroblasts exposed to 
PAHs (Table 4A) (Figure 5A-E). In the Risso's dolphin (GGL1) and in the striped dolphin 
(RT1), the higher dose of PAHs even caused the death of all cells. The fibroblast vitality was 
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assessed with trypan blue, a quality control test to check the cell preparation. In the event of 
cell damage, trypan blue penetrates the cell membrane, and dead or damaged cells appear 
blue [36]. CYP2B also, showed induction in the three species treated with PAHs (Table 4B). 
The striped dolphin (RT1) showed the same trend for the two cytochromes (Table 4A-B).   
 

A   CYP1A1 
Acetone 

0.1% 
Dose C Dose B Dose A 

MBE3 (Bryde’s whale) 100 31.6 106.2 55.8 
PM6 (sperm whale) 100 111.5 69.6 68.2 

GGL1 (Risso’s dolphin) 100 107.7 90.2 D.C. 
RT1 (striped dolphin) 100 279.8 77.3 D.C. 

MDC12 (long-beaked common dolphin) 100 155.6 279.7 123.2 

B   CYP2B 
DMSO 
0.1% 

0.01 µg/ml 0. 1 µg/ml 1 µg/ml 

MBE3 (Bryde’s whale) N.C. N.C. N.C. N.C. 
PM6 (sperm whale) 100 125.0 64.2 101.6 

GGL1 (Risso’s dolphin) N.C. N.C. N.C. N.C. 
RT1 (striped dolphin) 100 108.6 25.3 D.C. 

MDC12 (long-beaked common dolphin) 100 218.6 65.6 64.3 

Table 4. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with PAHs (Dose C = 0.5μM BaP + 10μM BnF, Dose B = 2.5μM 
BaP + 50μM BnF and Dose A = 12.5μM BaP + 250μM BnF). The immunofluorescence is expressed as  
index numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. N.C. = no cells. D.C. = death cells. 

6.5. CYP1A1 and CYP2B in different species after treatment with BPA 

In Table 5A-B we reported the results of the mean levels of immunofluorescence of CYP1A1 
(A) and CYP2B (B), revealed in cultured fibroblasts of killer whale (MOO12) treated with  
BPA, expressed as index numbers.  
 

A   CYP1A1 Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale) 100 800.7 886.3 747.3 D.C. 
B   CYP2B Ethanol 0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

MOO12 (killer whale) 100 48.3 40.4 49.2 D.C. 

Table 5. (A-B): Mean values of immunofluorescence of CYP1A1 (A) and CYP2B (B) revealed in cultured 
fibroblasts of different species treated with BPA. The immunofluorescence is expressed as index 
numbers respect to solvent control. Different colour of box is related to different increase of these 
proteins. D.C. = death cells. 

Only one species, the killer whale, was treated with this potent estrogenic compound since 
the study to evaluate the cetacean susceptibility to BPA has just started in our laboratories. 
However, this preliminary experiment confirms that BPA is a potent CYP2B inhibitor [35] 
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while it gives information on CYP1A1 inductive capacity (Figure 6 A-B). To be highlighted 
that the highest used dose (100 μg/ml) is 100% lethal for fibroblast cells.  

 
Figure 5. A-E: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-E) in fibroblast cells of Bryde’s whale 
(MBE3) (A), sperm whale (PM6) (B), Risso’s dolphin (GGL1) (C), Striped dolphin (RT1) (D) and long-
beaked common dolphin (MDC12) (E) treated with PAHs. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Acetone and the three PAH treatments. 

 
Figure 6. A-B: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of killer whale (MOO12) (A, B) treated with BPA. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Ethanol and the four BPA treatments. 
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7. Qualitative and quantitative mica protein expression as toxicological 
stress marker of the immune system 

Cetacean morbilliviruses and papillomaviruses as well as Brucella spp. and Toxoplasma gondii 
are thought to reduce population abundance by inducing high mortalities, lowering 
reproductive success or by synergistically increasing the virulence of other diseases. Severe 
cases of lobomycosis and lobomycosis-like disease (LLD) may contribute to the death of 
some dolphins [37]. Environmental contamination seems to play a role in these diseases 
because many pollutants are known immunosuppressants and can markedly affect the 
immune status of the cetacean specimens [38, 39, 40, 41, 42]. As already mentioned, the 
cetacean skin is an important tissue of the immune system and the MICA protein, used in 
this study as toxicological stress marker of the immune system, is expressed in fibroblasts. 
In fact, the aim of this study was to evaluate the MICA protein expression in fibroblast cell 
cultures of cetaceans (skin biopsies of free-ranging animals and skin samples of stranded 
cetaceans dead within 2-12 h). Here we present the immunofluorescence technique in 
cultured fibroblasts used for qualitative and quantitative evaluation of MICA expression, 
induced by treatment with OC mixture, flame retardants, PAHs and BPA, as toxicological 
stress marker of the immune system of different species of odontocetes (sperm whale 
(PMAS1), killer whale (OO12), striped dolphin (RT23), long-beaked common dolphin 
(MDC12)) and mysticetes (fin whale (RT25), Bryde’s whale (MBE3)). 

7.1. Basal levels of MICA in different species 

The basal level of MICA, evaluated with immunofluorescence technique in the fibroblasts of 
different cetacean species before treatment with different mixtures, is the first important 
result of this research step as it provides an indication of the immune status of these marine 
mammals. The results, expressed as immunofluorescence for cell (AUF/nucleus) mean 
values are presented in the Table 6 and, as histograms, in the Figure 7. 
 

 MICA (UAF/nucleus) 
Bryde’s whale (MBE3) 50482.0 

Long-beaked common dolphin (MDC12) 94751.0 
Killer whale (MOO12) 195378.0 
Sperm whale (PMAS1) 12647.0 

Bottlenose dolphin (TTA1) 31473.0 
Striped dolphin (RT23) 18511.0 

Fin whale (RT25) 31325.0 

Table 6. Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale, long-beaked common dolphin, killer whale, sperm whale, bottlenose dolphin, striped dolphin 
and fin whale. 

We can highlight that the three specimens belonging to the three species sampled in the Sea 
of Cortez (Bryde’s whale, long-beaked common dolphin and killer whale) showed higher 
basal activity of MICA with respect to all Mediterranean specimens, regardless of the  
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while it gives information on CYP1A1 inductive capacity (Figure 6 A-B). To be highlighted 
that the highest used dose (100 μg/ml) is 100% lethal for fibroblast cells.  

 
Figure 5. A-E: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-E) in fibroblast cells of Bryde’s whale 
(MBE3) (A), sperm whale (PM6) (B), Risso’s dolphin (GGL1) (C), Striped dolphin (RT1) (D) and long-
beaked common dolphin (MDC12) (E) treated with PAHs. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Acetone and the three PAH treatments. 

 
Figure 6. A-B: Immunofluorescence (AUF/nucleus) of CYP1A1 (A-B) and CYP2B (C-D) in fibroblast 
cells of killer whale (MOO12) (A, B) treated with BPA. DAPI and Alexa Fluor 594 (Intensity 200ms) 
images of Ethanol and the four BPA treatments. 
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7. Qualitative and quantitative mica protein expression as toxicological 
stress marker of the immune system 

Cetacean morbilliviruses and papillomaviruses as well as Brucella spp. and Toxoplasma gondii 
are thought to reduce population abundance by inducing high mortalities, lowering 
reproductive success or by synergistically increasing the virulence of other diseases. Severe 
cases of lobomycosis and lobomycosis-like disease (LLD) may contribute to the death of 
some dolphins [37]. Environmental contamination seems to play a role in these diseases 
because many pollutants are known immunosuppressants and can markedly affect the 
immune status of the cetacean specimens [38, 39, 40, 41, 42]. As already mentioned, the 
cetacean skin is an important tissue of the immune system and the MICA protein, used in 
this study as toxicological stress marker of the immune system, is expressed in fibroblasts. 
In fact, the aim of this study was to evaluate the MICA protein expression in fibroblast cell 
cultures of cetaceans (skin biopsies of free-ranging animals and skin samples of stranded 
cetaceans dead within 2-12 h). Here we present the immunofluorescence technique in 
cultured fibroblasts used for qualitative and quantitative evaluation of MICA expression, 
induced by treatment with OC mixture, flame retardants, PAHs and BPA, as toxicological 
stress marker of the immune system of different species of odontocetes (sperm whale 
(PMAS1), killer whale (OO12), striped dolphin (RT23), long-beaked common dolphin 
(MDC12)) and mysticetes (fin whale (RT25), Bryde’s whale (MBE3)). 

7.1. Basal levels of MICA in different species 

The basal level of MICA, evaluated with immunofluorescence technique in the fibroblasts of 
different cetacean species before treatment with different mixtures, is the first important 
result of this research step as it provides an indication of the immune status of these marine 
mammals. The results, expressed as immunofluorescence for cell (AUF/nucleus) mean 
values are presented in the Table 6 and, as histograms, in the Figure 7. 
 

 MICA (UAF/nucleus) 
Bryde’s whale (MBE3) 50482.0 

Long-beaked common dolphin (MDC12) 94751.0 
Killer whale (MOO12) 195378.0 
Sperm whale (PMAS1) 12647.0 

Bottlenose dolphin (TTA1) 31473.0 
Striped dolphin (RT23) 18511.0 

Fin whale (RT25) 31325.0 

Table 6. Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale, long-beaked common dolphin, killer whale, sperm whale, bottlenose dolphin, striped dolphin 
and fin whale. 

We can highlight that the three specimens belonging to the three species sampled in the Sea 
of Cortez (Bryde’s whale, long-beaked common dolphin and killer whale) showed higher 
basal activity of MICA with respect to all Mediterranean specimens, regardless of the  
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Figure 7. Basal levels of immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of Bryde’s 
whale (B.e), long-beaked common dolphin (D.c.), killer whale (O.o.), sperm whale (P.m.), bottlenose 
dolphin (T.t.), striped dolphin (S.c.) and fin whale (B.p.). 

species and the fact that they were sampled free-ranging or found stranded alive and then 
died. Moreover, the basal activity of MICA in the three Mexican species seems to be related 
to their different diet, with an increasing activity with the increase of the trophic level. 
Bryde’s whale is not strictly planktophagus as is the fin whale in the Mediterranean, feeding 
mainly on blue fish. So this species in the food chain is definitely closer to long-beaked 
common dolphin and the other toothed whales in this study than to the other mysticete 
species. The free-ranging specimen of sperm whale sampled in the surrounding water of 
Asinara Island (Mediterranean Sea) showed a basal activity very similar to that showed by 
the striped dolphin, but lower than the other species sampled in the Mediterranean Sea 
(bottlenose dolphin and fin whale).  

This sharp distinction between the activity of MICA found in the Sea of Cortez and 
Mediterranean Sea specimens is probably the most important result to be highlighted: it 
seems that the environment in which specimens live and, therefore, the anthropogenic stress 
to which they are subjected are determinant in the response of this protein. In the light of 
this result we can hazard the conclusion that the lower the anthropic stress of the specimens, 
the higher the basal activity of MICA. Regarding the Mediterranean species, the two 
stranded specimens (striped dolphin RT23 and fin whale RT25), were both affected by 
morbillivirus; it would be very interesting to know the basal activity in the same species 
sampled free-ranging, to understand whether in case of immunosuppression the activity of 
MICA increases or decreases. To assess whether MICA increases or decreases, because of the 
presence of an inducer or a repressor of the immune system, we treated fibroblast cell 
cultures with cyclosporine A (CsA), a drug that belongs to the category of 
immunosuppressants, and with β-glucan, a polysaccharide known to increase the response 
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of the immune system. The results of each specimen whose cells were treated with the two 
compounds are showed in Table 7.  
 

Killer whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 98 195378 151675 42646 592187 162020 46176 

Inducer 151 189172 202628 50932 350323 109320 30320 
Repressor 
0.8µg/ml 135 106656 86680 46865 248599 61607 19481 

Repressor 
80µg/ml 79 279350 250709 20631 636284 174779 50454.4 

Bottlenose dolphin 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 87 31473 30832 26302 39107 4196.4 1713.2 

Inducer 72 19230 19319 9871 44949 10153 3210 
Repressor 
0.8µg/ml 66 21673 19480 19637 55989 13259 4193 

Repressor 
80µg/ml 71 20647 17264 10492 56499 13536 4280 

Striped dolphin 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 75 18511 17896 8825 42083 9254 3055 

Inducer 76 17606 18690 8556 26951 5977 1890 
Repressor 
0.8µg/ml 69 20677 124525 41662 329043 13440 4250 

Repressor 
80µg/ml 

All cell death 

Fin whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 114 31325 25172 18459 63324 16085 5086 

Inducer 244 17409 17867 9673 23938 4270 1350 
Repressor 
0.8µg/ml 78 28304 29231 13275 37051 69853 21061 

Repressor 
80µg/ml 35 19031 18254 7299 56686 14102 4252 

Table 7. Descriptive statistics of immunofluorescence per cell (AUF/nucleus) of MICA revealed in 
cultured fibroblasts of Bryde’s whale (MBE3), striped dolphin (RT23), bottlenose dolphin (TTA1), and 
killer whale (OO12) treated with the inducer (β-glucan) and the repressor (Cyclosporine A). BA 
represents the blank (cultured fibroblasts treated only with primary and secondary antibodies). 

In all cases, with the exception of fibroblasts of killer whale treated with the highest dose of 
repressor and fibroblasts of striped dolphin treated with the lower dose of repressor 
(highlighted in dark grey), we can see a decrease of the response of the MICA compared to 
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to which they are subjected are determinant in the response of this protein. In the light of 
this result we can hazard the conclusion that the lower the anthropic stress of the specimens, 
the higher the basal activity of MICA. Regarding the Mediterranean species, the two 
stranded specimens (striped dolphin RT23 and fin whale RT25), were both affected by 
morbillivirus; it would be very interesting to know the basal activity in the same species 
sampled free-ranging, to understand whether in case of immunosuppression the activity of 
MICA increases or decreases. To assess whether MICA increases or decreases, because of the 
presence of an inducer or a repressor of the immune system, we treated fibroblast cell 
cultures with cyclosporine A (CsA), a drug that belongs to the category of 
immunosuppressants, and with β-glucan, a polysaccharide known to increase the response 
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of the immune system. The results of each specimen whose cells were treated with the two 
compounds are showed in Table 7.  
 

Killer whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 98 195378 151675 42646 592187 162020 46176 

Inducer 151 189172 202628 50932 350323 109320 30320 
Repressor 
0.8µg/ml 135 106656 86680 46865 248599 61607 19481 

Repressor 
80µg/ml 79 279350 250709 20631 636284 174779 50454.4 

Bottlenose dolphin 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 87 31473 30832 26302 39107 4196.4 1713.2 

Inducer 72 19230 19319 9871 44949 10153 3210 
Repressor 
0.8µg/ml 66 21673 19480 19637 55989 13259 4193 

Repressor 
80µg/ml 71 20647 17264 10492 56499 13536 4280 

Striped dolphin 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 75 18511 17896 8825 42083 9254 3055 

Inducer 76 17606 18690 8556 26951 5977 1890 
Repressor 
0.8µg/ml 69 20677 124525 41662 329043 13440 4250 

Repressor 
80µg/ml 

All cell death 

Fin whale 

 n° cells Mean Median Minimum Maximum S.D. S.E. 
BA 114 31325 25172 18459 63324 16085 5086 

Inducer 244 17409 17867 9673 23938 4270 1350 
Repressor 
0.8µg/ml 78 28304 29231 13275 37051 69853 21061 

Repressor 
80µg/ml 35 19031 18254 7299 56686 14102 4252 

Table 7. Descriptive statistics of immunofluorescence per cell (AUF/nucleus) of MICA revealed in 
cultured fibroblasts of Bryde’s whale (MBE3), striped dolphin (RT23), bottlenose dolphin (TTA1), and 
killer whale (OO12) treated with the inducer (β-glucan) and the repressor (Cyclosporine A). BA 
represents the blank (cultured fibroblasts treated only with primary and secondary antibodies). 

In all cases, with the exception of fibroblasts of killer whale treated with the highest dose of 
repressor and fibroblasts of striped dolphin treated with the lower dose of repressor 
(highlighted in dark grey), we can see a decrease of the response of the MICA compared to 
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the basal activity. After the treatment with these doses, it therefore remains difficult to 
understand the response of MICA which we must expected from a toxicological stress. 
Probably the choice of the two compounds, known to have such capabilities in relation to 
the immune system but not specifically in respect to MICA, should be reassessed. 

7.2. MICA in different species after treatment with OC mixture 

From Table 8 it appears evident that the carrier of OC mixture (DMSO) confounds the 
evaluation of the responses of the cells to the treatments, as previously demonstrated in 
other studies [15, 43].  
 

MICA 
DMSO 
0.05% 

0.01 
µg/ml 

0.1 
µg/ml 

1 µg/ml 5 µg/ml 25 µg/ml 

MBE3 (Bryde’s whale) 100 100 174 62 / / 
MDC12 (long-beaked common 

dolphin) 100 104 98 29 / / 

MOO12 (killer whale) 100 31 25 26 47 22 
PMAS1 (sperm whale) 100 137 94 291 2523 11195 
RT23 (striped dolphin) 100 53 N.C. 59 54 N.C. 

RT25 (fin whale) 100 119 96 100 120 69 

Table 8. Mean values of immunofluorescence of MICA revealed in cultured fibroblasts of different 
species treated with OC mixture. The immunofluorescence is expressed in index numbers respect to 
solvent control. Different colour of box is related to different increase of this protein. 

 
Figure 8. A-C: Immunofluorescence (AUF/nucleus) of MICA in fibroblast cells of sperm whale 
(PMAS1).DAPI and Alexa Fluor 594 (Intensity 200ms) images of DMSO and the five OC mixture 
treatments (A); Nonane and three flame retardant treatments (B) and Acetone and three PAH 
treatments (C). 
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Only the sperm whale demonstrated a clear inductive effect on MICA due to OCs, 
compared to DMSO (Figure 8A). In fibroblasts of killer whale (MOO12) and striped dolphin 
(RT23) no dose caused an increase of the MICA with respect to the carrier (DMSO). A dose 
dependent induction of MICA was present in sperm whale (PMAS1), a bell-shaped response 
was present in Bryde’s whale (MBE3) and in long-beaked common dolphin (MDC12) while 
discontinuous induction response was showed by fin whale (RT25).     

7.3. MICA in different species after treatment with Flame Retardants 

In the Table 9 are reported the results of the mean levels of immunofluorescence of MICA, 
revealed in cultured fibroblasts of different species treated with the flame retardants, 
expressed as index numbers.  
 

MICA 
Nonane 

0.01 µg/ml 
0.01 µg/ml 0.05 µg/ml 0.1 µg/ml 

MBE3 (Bryde’s whale) 100 49 35 55 
MDC12 (long-beaked common dolphin) 100 69 96 209 

MOO12 (killer whale) 100 66 54 96 
PMAS1 (sperm whale) 100 102 74 102 
RT23 (striped dolphin) 100 103 132 107 

RT25 (fin whale) 100 101 134 120 

Table 9. Mean values of immunofluorescence of MICA revealed in cultured fibroblasts of different 
species treated with flame retardants. The immunofluorescence is expressed in index numbers respect 
to solvent control. Different colour of box is related to different increase of this protein. 

In striped dolphin (RT23) and fin whale (RT25) the highest response of MICA was related to 
flame retardants, with a bell-shaped response in both species. Discontinuous induction 
response is shown by sperm whale (PMAS1) (Figure 8B) and long-beaked common dolphin 
(MDC12), while  Bryde’s whale (MBE3) and killer whale (MOO12) showed no induction 
response. 

7.4. MICA in different species after treatment with PAHs 

In Table 10 are reported the results of the mean levels of immunofluorescence of MICA, 
revealed in cultured fibroblasts of different species treated with the PAHs, expressed as 
index numbers.  
 

MICA 
Acetone 

0.1% 
Dose C Dose B Dose A 

MDC12 (long-beaked common dolphin) 100 68 93 55 
PMAS1 (sperm whale) 100 101 181 189 

Table 10. Mean values of immunofluorescence of MICA revealed in cultured fibroblasts of different 
species treated with PAHs. The immunofluorescence is expressed in index numbers respect to solvent 
control. Different colour of box is related to different increase of this protein. 
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Only two species, the long-beaked common dolphin (MDC12) and the sperm whale 
(PMAS1) were treated with PAHs. However, even with this treatment, there is a significant 
dose/response type increase in the level of MICA in the sperm whale (PMAS1) (Figure 8C). 
Long-beaked common dolphin (MDC12) showed no induction response.  

7.5. MICA in different species after treatment with BPA 

Table 11 shows the results of the mean levels of immunofluorescence of MICA, revealed in 
cultured fibroblasts of different species treated with the BPA, expressed as index numbers.  
 

MICA Ethanol 
0.1% 0.1 µg/ml 1 µg/ml 10 µg/ml 100 µg/ml 

RT23 (striped dolphin) 100 84 99 85 D.C. 
RT25 (fin whale) 100 62 68 153 D.C. 

Table 11. Mean values of immunofluorescence of MICA revealed in cultured fibroblasts of different 
species treated with BPA. The immunofluorescence is expressed in index numbers respect to solvent 
control. Different colour of box is related to different increase of this protein. 

The results showed that the higher dose caused the death of all cells, thus focusing all its 
toxicity. Only fin whale (RT25) fibroblasts had an inductive phenomenon with respect to 
solvent control.  

8. Presence of DNA damage by comet assay as genotoxicity biomarker 
We treated fibroblast cells with three different doses of a mixture of benzo(a)pyrene and 
beta-naphthoflavone for 4 h. The viability of fibroblast cells, assessed by the trypan blue test, 
was very high in control (>95%) and slightly decreased following the different treatments. 
We analysed DNA damage by the Comet assay. The principle of the Comet assay is that 
smaller DNA molecules migrate faster in an electric field than larger molecules. The treated 
cells are encapsulated in gel and lysed by alkali, which also denatures the DNA. Subsequent 
electrophoresis causes migration of the DNA. While the undamaged DNA appears as a 
“head”, fragmented DNA move faster, giving the characteristic appearance of a comet tail. 
Figure 9 shows four normal cells at increasing degree of damaged DNA. 

The cells were processed at different conditions of electrophoresis, to evaluate different types 
of strand breaks. Varying the pH during lysis and electrophoresis effects the type of strand 
breaks expressed. When cells are lysed and subjected to electrophoresis under neutral 
conditions (pH 8) only double strand breaks were detected. Under pH 12.1 conditions the 
double and single strand breaks were detected while under pH > 13 conditions the double 
strand breaks, single strand breaks and alkali labile lesions were detected [44].  

The results of Comet assay evaluated in cells processed at pH 12.1 are shown in Figure 10. 
An increase of DNA migration was observed in fibroblasts exposed for 4 h at doses C and B, 
while a slight decrease was observed at dose A in comparison to the control. The acetone, 
used as carrier for benzo(a)pyrene and beta-naphthoflavone exposure, showed DNA 
fragmentation values very similar to the control. 
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Figure 9. A photomicrograph of fibroblast cells of striped dolphin processed for the DNA comet assay. 
Four normal cells at increasing degree of damaged DNA: normal DNA, low-level DNA damage, DNA 
with a long tail, DNA almost completely fragmented.  

The highest DNA fragmentation was observed at dose C and decreasing DNA tail values 
were observed from dose C to dose A. The results of the Comet assay evaluated in striped 
dolphin fibroblast cells processed at three different pHs showed a similar trend (Table 12), 
although the trend was more evident for the pH 12.1. Our results, although preliminary, 
suggest that alkaline Comet assay (pH 12.1) is the optimal version capable of detecting the 
DNA damage in fibroblast cells for future analysis. 
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Electrophoresis 
condition 

Tail DNA %
Dose C Dose B Dose A 

pH 8 30.91 19.68 24.8 
pH 12.1 30.98 24.88 17.25 
pH 13 35.09 27.54 25.71 

Table 12. DNA migration evaluated in fibroblast cells of striped dolphin at three different pH 
conditions. 

 
Figure 10. Effects of different doses of the mixture benzo(a)pyrene and beta-naphthoflavone at three 
doses (C = (0.5μM BaP + 10μM BnF), B = (2.5μM BaP + 50μM BnF) and A = (12.5μM BaP + 250μM BnF)) 
exposure on the DNA integrity of striped dolphin fibroblast cells after 4 h exposure. 

The induction of DNA fragmentation was higher at the lowest dose (Dose C), while 
decreased at higher doses (Dose B and A), a result in contrast to other studies on cell 
mammal cultures [45, 46]. These investigations have demonstrated that an increase in the 
percentage of DNA in the tail region of the comets occurred in a concentration-dependent 
manner after exposure to different classes of genotoxic compounds, such as PAHs, methyl 
methanesulfonate (MMS) and H2O2. Our earlier Comet assay data on dolphin fibroblast cells 
exposed to benzo(a)pyrene are in agreement with the bibliography data. Thus, the decrease 
observed in our present data could be probably due to the action of the beta-
naphthoflavone. This hypothesis is consistent with Gravato et al. [47] who demonstrated a 
decrease of DNA damage after exposure of specimens of Anguilla anguilla to beta-
naphthoflavone. However, further studies are needed to confirm the genotoxic potential of 
mixture of PAHs for cetacean fibroblasts and investigate the potential genotoxicity of other 
classes of contaminants. 

9. Conclusion 

The aim of the present study was to propose cetacean fibroblast cell cultures as an "in vitro" 
method, called “Test Tube Cetaceans”, to investigate effects of environmental contaminants 
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in these marine mammals. The data reported in this chapter confirm that the use of Test 
Tube Cetaceans is a good non destructive surrogate of “in vivo” cetacean test (killing) to 
evaluate the different hazards of cetaceans to pollution.  

Regarding the toxicological susceptibility to some xenobiotic compounds and to PAHs, the 
main results showed that the basal level of CYP1A1 and CYP2B of different cetacean species 
is very dissimilar and this seems to be especially species-specific rather than related to the 
geographic range, diet, toxicological status, etc. in which the specimens were found. All 
pollutants, at different level depending on the species and of the dose of treatment, showed 
an inductive capacity of these cytochromes. At times the response was dose dependent, 
other was bell-shaped response and other was a discontinuous induction response.     

The qualitative and quantitative MICA protein expression as toxicological stress marker of 
the immune system showed that the three species sampled in the Sea of Cortez (Bryde’s 
whale, long-beaked common dolphin and killer whale) showed higher basal level of MICA 
in respect to all Mediterranean specimens, regardless of the species and the fact that they 
were sampled free-ranging or found stranded alive and then died. This sharp distinction 
between the activity of MICA found in the Sea of Cortez and Mediterranean Sea specimens 
is probably the most important result to be highlighted: it seems that the environment in 
which specimens live and, therefore, the anthropogenic stress to which they are subjected, 
are determinant in the response of this protein of the immune system. In the light of this 
result we can hazard the conclusion that the lower the anthropic stress of the specimens, the 
higher is the basal level of MICA.  

The Comet assay proved to be a very useful tool for assessing the potential genotoxicity of 
PAHs in cetacean fibroblast cell cultures. Future investigations will be conducted to 
investigate the genotoxic effects of different classes of contaminants in striped dolphin and 
other cetacean species. This technique led to the evaluation of possible DNA damage in 
species never studied before in this field, in order to investigate the different susceptibility 
to various contaminants, using fibroblast cell cultures. 

In conclusion, “Test Tube Cetaceans” can be proposed to the scientific community as the “in 
vitro” method used to replace the "scientific whaling" to study the toxicological threats of 
different species of cetaceans, primarily of endangered species such as fin whale and 
Mediterranean common dolphin, since the research priorities is the conservation for the 
maintenance of cetacean biodiversity. 
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1. Introduction 

Bioaccumulation of persistent organic pollutants (POPs) represents a risk to the marine 
environment and wildlife, including marine mammals and birds [1-4]. Biomagnification is a 
special case of bioaccumulation and is defined as the process by which concentrations of 
contaminants or chemical substances (i.e. thermodynamic activities of chemical substances 
often measured by the lipid normalized concentration) in consumer and higher trophic level 
organisms exceed those concentrations in the diet or organism’s prey [5-7]. This process can 
occur at each step in a food chain, potentially producing very high and toxic concentrations 
in upper-trophic-level species [7]. 

Bioaccumulation and biomagnification are important considerations in the categorization 
and risk assessment of chemical compounds under the treaty of the Stockholm Convention 
for POPs and regulatory and management efforts in several nations such as the Canadian 
Environmental Protection Act Canada (CEPA [8]), the Toxic Substances Control Act (TSCA 
[9]) in the United States and the Registration, Evaluation, Authorisation and Restriction of 
Chemicals program (REACH) in the European countries [10]. Due to the long-range 
atmospheric transport and global fractioning of POPs northward from low or mid latitudes 
[11, 12], the Arctic and northern hemisphere have remained as active regions of research to 
study biomagnification of POPs in trophic chains and food webs [2, 13-15]. However, very 
little is known about the bioaccumulative behaviour and fate of these substances in tropical 
zones of the planet. 
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There are several measures that have been used to express the degree of biomagnification. 
The simplest measure is the Biomagnification Factor (BMF), which is described as the ratio 
of the chemical concentrations in the organism (CB) and the diet of the organism (CD), i.e., 
BMF = CB/CD, where the chemical are usually expressed in units of mass of chemical per kg 
of the organism (in wet weight or in a lipid basis) and mass chemical per kg of food (in wet 
weight or in a lipid basis) [6]. Biomagnification of organic contaminants and foraging 
preferences in aquatic and marine food webs can also be investigated using stable nitrogen 
isotope as biomarkers of trophic level [15-20]. Stable isotope analysis (SIA) has emerged as a 
tool in foraging ecology/habitat use, physiology and ecotoxicology, and is applied widely to 
study marine mammal ecology [21]. Stable nitrogen isotope analysis is a known well 
established technique for assessing predator–prey interactions and organism trophic levels 
(TL) in food webs [22-25]. Specifically,δ15N, the concentration ratio of 15N/14N, expressed 
relative to a standard (i.e., atmospheric N2), has been shown to increase with increasing 
trophic level due to the preferential excretion of the lighter nitrogen isotope [26]. Likewise, 
carbon isotope signatures (δ13C) provide information on habitat use and general sources of 
diet of organisms, i.e., marine/freshwater, coastal/oceanic, pelagic/benthic [27]. 

Studies of the biomagnification and food web transport of POPs in tropical systems such as 
remote islands around the equatorial Pacific Ocean are lacking. Due to the remoteness and 
isolation of the Galapagos Islands relative to other better studied geographical areas, the 
Galapagos Island food web offers a unique opportunity to undertake research related to the 
transport, bioaccumulative nature and biomagnification of globally distributed 
contaminants in tropical environments at the ecosystem level. The low population levels 
and generally good environmental control and management practices on the islands ensures 
that local pollutant sources are in most cases insignificant compared to global sources. These 
conditions provide a unique mesocosm to study the behaviour of global pollutants in 
marine mammalian food-chains.  

The Galapagos sea lion(Zalophus wollebaeki) is an endemic marine mammal residing year 
round in the islands and exhibiting a high degree of dietary plasticity, consuming several 
groups of fish prey (99% of the diet). The Galapagos sea lion diet includes Cupleidae (thread 
herrings and sardines), Engraulidae (anchovies), Carangidae (bigeye scads), Serranidae 
(groupers, whitespotted sand bass or camotillo), Myctophidae (lantern fishes), Mugilidae 
(mullets) and Chlorophtalmidae fishes, and a low proportion of squid, as reported in the 
existing literature [28-31]. Although the information about diet and trophic level is limited 
for sea lions at several rookeries in the Galapagos Islands, it is known that the dietary 
preferences of Galapagos sea lions are also a function of the local variation in prey 
availability and regional climate-oceanic variability such as the El Niño events, when sea 
lions can switch their diet composition to more abundant fish items [30, 32, 33]. The 
Galapagos sea lion has been recognized as a key species for the functioning and health of the 
marine ecosystem of the islands under the environmental management action plan of the 
Galapagos Marine Reserve (GMR) [33]. Because of its high trophic position, relative 
abundance in the islands and non-migratory behaviour, Galapagos sea lions can serve as 
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local sentinels of food web contamination [33-35]. Concentrations of polychlorinated 
biphenyls (PCBs) and dichlorodiphenyltrichloroethane (DDT) were recently detected in this 
species, underlying the health risk due to the toxicity and bioaccumulation potential of these 
contaminants in the Galapagos food web [34, 35]. Thus, equivalent to the role of killer 
whales as global sentinels of pollution in the Northeastern Pacific [1], the Galapagos sea lion 
can be used as an eco-marker of environmental pollution and a key indicator of not only the 
coastal marine health, but the public health in the region. 

With the aim to contribute to the understanding of the behaviour and fate of POPs in marine 
food webs of tropical regions, this chapter provides an advanced primer on 
biomagnification assessment of POPs in the Galapagos Islands based on the existing 
literature on baseline levels of DDT detected in Galapagos sea lions [35] and recent 
unpublished data on organochlorine pesticides (i.e. mirex, dieldrin, chlordanes, β-HCH) and 
PCBs in Galapagos sea lions and fish preys. To accomplish this work, we made use of 
concentration data measured in Galapagos sea lions and their fish prey and determination 
of predator-prey biomagnification factors to assess biomagnification in this tropical system. 
Insights on the impact of biomagnification and conservation and management implications 
at the ecosystem level in the Galapagos are discussed. 

2. Materials and methods 

2.1. Tissue collection from Galapagos sea lion pups 

In a recent study [35], blubber biopsy and hair samples of 20 Galapagos sea lion pups of 2–
12 months of age were obtained from four rookeries in the Galapagos Archipelago (3°N−4°S, 
87°−94°W) between 24-29March 2008. Briefly, pups were sampled at Isabela (Loberia Chica, 
n = 5), Floreana, (Loberia, n =6) and Santa Cristobal (Puerto Baquerizo, n = 4; Isla Lobos, n = 
5) islands. Pups were captured with hoop nets and manually restrained. Age was estimated 
by visual observation of both the size and weight of the animal. In all circumstances, capture 
stress and holding time were minimized (< 10-15 min). Hair samples were obtained using a 
sterile scissor to trim or a scalpel to shave the region to be used prior to the biopsy collection 
and deposited into labelled zipper bags. Biopsies (100 mg; 6mm−Miltex biopsy punch) were 
collected from an area 10-20 cm lateral to the spinal column and anterior to the pelvis. The 
biopsy site was pre-cleaned with alcohol and betadine. Biopsies were wrapped in hexane-
rinsed aluminum foil and placed in a cooler with wet ice and transferred into cryovals 
placed in a cryoship (-20°C) during the field sampling, and, afterwards stored at -80C in the 
laboratory until chemical analysis.  

Pups were chosen because (a) the animals are readily accessible and relatively easy to 
capture in most of the rookeries of the Galapagos Islands year round; (b) the animals are of 
similar age (3-10 months), minimizing the influence of life history parameters on 
contaminant concentrations; (c) because they are nursed by adult reproductive females they 
have a high trophic position because they are feeding on mother’s milk, ingesting energy 
and pollutants and analogous to a predator–prey relationship [35]. The rationale of the 
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study design to justify the use of pups as ecosystem based sentinels of biomagnification is 
also explained in Figure 1. 
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Figure 1. Conceptual model illustrating the bioaccumulation process in a representative, food chain of 
the Galapagos sea lion. Piscivorous Galapagos sea lions can be exposed to persistent organic pollutants 
(POPs), mainly through dietary ingestion. Low trophic level prey fish can absorb POPs from water and 
plankton (planktivorous fish), as well as from sediments (detritivorous fish). Nursing pups can 
bioaccumulate POPs from adult females by nursing and thus occupy a higher tropic level relative to 
their mothers becauseδ15N isotopic enrichment. 

2.2. Fish collection and homogenization 

Two species of fish (mullets, Mugil curema; n = 11; and, Galapagos thread herrings, 
Ophistonema berlangai; n = 4), which for the purpose of this study were assumed to be major 
prey items of Galapagos sea lions, were collected from Galapagos waters by fishers during 
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March-April 2008. Mullets are coastal fish, inhabiting nearshore habitats, and demersal-
benthic feeders (detritivorous), grazing on detritus and bottom sediments and digesting the 
nutritive matter (iliophagous foraging), while Galapagos thread herrings are endemic, 
pelagic and schooling fishes that filter-feed (planktivorous) mainly on tiny planktonic 
organisms (e.g., phytoplankton) in open waters [36].  

After field collection, fish specimens were frozen until further transportation to the lab, 
where they were stored at -80ºC. Each fish was measured, weighed and sexed. Muscle 
biopsies were extracted from the dorsal, lateral muscle of each fish, using a 6mm–biopsy 
punch (Accuderm, USA), and saved in vials for stable isotope analysis.  

Each individual fish was homogenized using a clean, hexane-acetone rinsed meat grinder 
(Omcam Inc., Italy). The ground fish was then further homogenized in a homogenizer 
(Omni, USA and/or Polytron, Kinematica, GmbH, Switzerland) at dial position 5-6 for ≈1 
min until material was well mixed and homogenous in appearance. Homogenized samples 
and subsamples were transferred to clean glass jars and stored at -80 ºC until further 
chemical analysis.  

2.3. Sample preparation for Stable Isotopes Analysis (SIA) 

Each set of hair samples collected from Galapagos sea lion pups was cleaned for lipid and 
particle removal by washing the hair three times with a chloroform:methanol 2:1 v/v 
solution using a clean Pasteur glass pipette. Samples were transferred into labelled 
scintillation vials and desiccated overnight, and, then, lyophilized using a freeze drier (Free 
Zone ® Plus 4.5 Liter Cascade; Labconco, Kansas City, MO) for 24 hr (Vacuum pressure set 
point: 0.01 mBar). 

Fish biopsy samples were freeze dried overnight (Vacuum pressure set point: 0.01 mBar). 
Biopsy samples were weighed and freeze dried again to determine if there were differences 
in weights after the second freeze drying. Once the sample weight was constant (i.e., no 
remaining moisture), one set of freeze dried samples was stored in the desiccator until 
further analysis for δ15N. The set of freeze dried replicates underwent an extraction protocol 
to remove lipids to be used for δ13C analysis. First, freeze dried samples were pulverized 
using a mortar and transferred into a glass tube for lipid extraction by adding 5ml of 
chloroform:methanol 2:1 v/v; and, then vortex mixed for 30 seconds. Solids were dispersed 
with sonification in bath sonicator for 10 min. Samples were allowed to settle for 30 min at 
room temperature, followed by an additional 30 second vortex and sonification. Samples 
were centrifuged for 5 minutes at 1000 rpm (model GS6R, Beckman, USA) to enhance pellet 
formation. The solvent was carefully removed with glass Pasteur pipette (pipette was 
changed for each sample), without transferring any particulate matter, and the solvent was 
disposed in the waste bottle. A second extraction was repeated. The supernatant was 
carefully removed with pipette and the residue was left at -20ºC overnight. Samples were 
dried under Nitrogen and transferred to a clean, amber vial for analysis of stable isotopes of 
carbon and nitrogen. 
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2.4. Stable Isotopes Analysis (SIA) 

Carbon and nitrogen isotopic analyses on fish biopsies and Galapagos sea lion hair were 
accomplished by continuous flow, isotopic ratio mass spectrometry (CF-IRMS) using a GV-
Instruments® IsoPrime attached to a peripheral, temperature-controlled, EuroVector® 
elemental analyzer (EA) (University of Winnipeg Isotope Laboratory, UWIL). One-mg 
samples were loaded into tin capsules and placed in the EA auto-sampler along with 
internally calibrated carbon/nitrogen standards. Nitrogen and carbon isotope results are 
expressed using standard delta (δ) notation in units of per mil (‰).The delta values of 
carbon (δ13C) and nitrogen (δ15N) represent deviations from a standard. δ15N isotope ratios 
(‰) were determined using the following equation [21,26]: 

δ15N = [(15N/14NSAMPLE/15N/14NSTANDARD) – 1] x 1000 

where 15N/14NSAMPLE is the isotope ratio of the tissue sample analyzed; and, 15N/14NSTANDARD 
represents the ratio of the international standard of atmospheric N2 (air), IAEA-N-1 (IAEA, 
Vienna), for δ15N. The equivalent equation for δ13C isotope ratios (‰) is: 

δ13C = [(13C/12CSAMPLE/13C/12CSTANDARD) – 1] x 1000 

The standard used for carbon isotopic analyses was the Vienna PeeDee Belemnite (VPDB). 
Analytical precision, determined from the analysis of duplicate samples, was ±0.13‰ for 
δ13C and ±0.6‰ for δ15N. The analytical precision based on standards, which are more 
isotopically homogeneous than samples, was ± 0.19‰ for δ13C and ±0.24 for δ15N. 

2.5. Trophic level estimations 

The trophic positions (TPCONSUMER) of the prey species (i.e. fish) and the predator (Galapagos 
sea lion) were determined relative to the baseline δ15N (assumed to occupy a trophic level 2), 
using the following algorithm [37, 38]: 
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Where δ15NCONSUMER is the average δ15N signature value of the predator; δ15NBASELINE is the 
δ15N signature at the base of the food web; and 3.4‰ is the isotopic, trophic level 
enrichment factor (∆15N), recommended to be used for constructing food webs when a 
priori knowledge of ∆15N is unavailable [39]. The δ15NBASELINE was established as the δ15N 
signature of the particulate organic matter (POM) of bottom sediments in the eastern 
equatorial Pacific Ocean (250 km south of the islands) with a value of 5.5‰ [31, 40], which 
is relatively close to the δ15N value of 7.3‰, reported recently for phytoplankton in the 
Galapagos [30]. The rationale for using this signature is supported by the fact that the 
assimilation of nitrogen (i.e., NO3¯) up taken from near surface marine waters by 
phytoplankton is reflected by δ15N values of POM, which is also a major component of the 
carbon flux and sediments [40]. 
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Although pups instead of adult individual sea lions were sampled in this study, the δ15N 
signature in the pup is expected to reflect the isotopic nitrogen signature of the mother, as 
pups feed only on mothers’ tissue (i.e., milk proteins) analogous to a predator-prey 
relationship, resulting in a δ15N isototipc enrichment of 2.1‰ and 0.9‰ δ13C enrichment in 
relation to adult females [41, 42]. Because of lactation, pups can be at a higher trophic level 
than their mothers (Figure 1). However, the δ15N signature in the pups can provide useful 
information about the foraging habits (i.e., diet) of adult female animals [43].  

2.6. Sample preparation for chemical analysis 

Contaminant analyses were conducted in the Regional Dioxin Laboratory (RDL) at the 
Institute of Ocean Sciences (IOS), Fisheries and Ocean Canada (DFO), based on analytical 
methodologies described elsewhere [44]. In brief, the muscle-blubber biopsy samples of 
Galapagos sea lion pups (0.053 to 0.212 g wet weight) and subsamples of fish homogenate 
(9.23 to 10.5 g) were spiked with a mixture of surrogate internal standards which contained 
all fifteen 13C12-labeled PCBs, and a mixture of labelled organochlorine pesticides (OCPs): 
D3 1,2,4-Trichlorobenzene, 13C6 1,2,3,4 Tetrachlorobenzene, 13C6 Hexachlorobenzene, 
13C6�-HCH, 13C6�-HCH, 13C10 trans Nonachlor, 13C12 TeCB-47, 13C12p,p’-DDE, 13C12 
Dieldrin, 13C12o,p-DDD, 13C12p,p’-DDD, 13C12o,p-DDT, 13C12p,p’-DDT, 13C10 Mirex. All 
surrogate internal standards were purchased from Cambridge Isotope Laboratories 
(Andover, MA). The spiked samples were homogenized with Na2SO4 in a mortar, 
transferred quantitatively into an extraction column, and extracted with DCM/hexane (1:1 
v/v). For some of the samples the extract formed two layers/phases, a waxy-precipitate 
layer and the solvent layer. The solvent layer was transferred to a clean flask and the 
waxy precipitate was treated with several aliquots of hexane and DCM. Each of these was 
transferred to the flask that contained the solvent layer of the extract. Despite the 
treatment with additional volumes of hexane and DCM, vortexing and pulverization, the 
waxy precipitate (for sea lions) did not dissolved in the solvents used and as a result it 
was not included in the corresponding sample extract that was used for lipid and 
contaminants determinations.The DCM:Hexane sample extracts were evaporated to 
dryness and the residue was weighted in order to determine the total lipid in the samples. 
Subsequently the residue was re-suspended in 1:1 DCM/Hexane and divided 
quantitatively into two aliquots. The larger aliquot (75% of the extract) was subjected to 
sample-cleanup for PCBs determinations. The remaining (25% of the extract) was used for 
OCP determinations. 

2.7. PCB and OC pesticides analyses 

Sample extracts were analyzed for PCB congeners and target OCPs by gas 
chromatography/high-resolution mass spectrometry (GC/HRMS). The specific methodology 
and protocols for the quantification and analytical methods to determine PCB congeners 
and OCPs have previously been reported in prior published papers (34, 35).  
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2.4. Stable Isotopes Analysis (SIA) 

Carbon and nitrogen isotopic analyses on fish biopsies and Galapagos sea lion hair were 
accomplished by continuous flow, isotopic ratio mass spectrometry (CF-IRMS) using a GV-
Instruments® IsoPrime attached to a peripheral, temperature-controlled, EuroVector® 
elemental analyzer (EA) (University of Winnipeg Isotope Laboratory, UWIL). One-mg 
samples were loaded into tin capsules and placed in the EA auto-sampler along with 
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expressed using standard delta (δ) notation in units of per mil (‰).The delta values of 
carbon (δ13C) and nitrogen (δ15N) represent deviations from a standard. δ15N isotope ratios 
(‰) were determined using the following equation [21,26]: 
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where 15N/14NSAMPLE is the isotope ratio of the tissue sample analyzed; and, 15N/14NSTANDARD 
represents the ratio of the international standard of atmospheric N2 (air), IAEA-N-1 (IAEA, 
Vienna), for δ15N. The equivalent equation for δ13C isotope ratios (‰) is: 

δ13C = [(13C/12CSAMPLE/13C/12CSTANDARD) – 1] x 1000 

The standard used for carbon isotopic analyses was the Vienna PeeDee Belemnite (VPDB). 
Analytical precision, determined from the analysis of duplicate samples, was ±0.13‰ for 
δ13C and ±0.6‰ for δ15N. The analytical precision based on standards, which are more 
isotopically homogeneous than samples, was ± 0.19‰ for δ13C and ±0.24 for δ15N. 
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using the following algorithm [37, 38]: 
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Where δ15NCONSUMER is the average δ15N signature value of the predator; δ15NBASELINE is the 
δ15N signature at the base of the food web; and 3.4‰ is the isotopic, trophic level 
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Galapagos [30]. The rationale for using this signature is supported by the fact that the 
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2.8. Quality assurance/quality control measures  

The mass spectrometry conditions used for all the analyses, the composition of the linearity 
calibration solutions, the criteria used for congener identification and quantification and the 
quality assurance – quality control procedures used for the quantification of PCBs and OCPs 
followed those described in detail elsewhere [34, 35, 44]. 

2.9. Bioaccumulation parameter 

In general, the biomagnification of contaminants is basically quantified as the 
biomagnification factor in terms of the concentration of a given chemical in the consumer or 
predator relative to the concentration in the diet or prey (i.e. BMF= CB/CD, where CB is the 
chemical concentration in the organism and CD is the chemical concentration of the diet). To 
quantify biomagnification in the Galapagos sea lions relative to prey items (i.e., thread 
herring and mullet) and to explore the effect of the magnitude of trophic level differences on 
the BMF measures, the predator-prey biomagnification factor (BMF TL) was used for data 
interpretation in this study.The criterion applied to indicate the capability of the chemical to 
biomagnify was a BMF > 1. A BMF statistically greater than 1 indicates that the chemical is a 
probable bioaccumulative substance [7]. 

2.9.1. Predator-prey Biomagnification Factor (BMF TL) 

Following this approach, the mean lipid normalized concentration of each contaminant 
measured in Galapagos sea lion pups was divided by the mean lipid adjusted concentration 
in the prey. Then, the biomagnification factor can be adjusted to represent exactly one 
trophic level in difference using the trophic level estimated from δ15N. Therefore, the field 
based predator-prey biomagnification factor normalized to trophic position or BMFTROPHIC 

LEVEL (BMFTL) is calculated using the following equation [15]: 

PREDATOR PREY

PREDATOR PREY
TL =

-
(C / C )BMF

TL TL  

Where Cpredator and Cprey are chemical concentrations in the predator and prey, expressed in 
units of mass of chemical (μg) per kg of the predator and mass chemical (μg) per kg of 
prey in a lipid normalized basis (i.e. BMFLIPID WEIGHT),and TL predator and TLprey are the 
trophic levels of the predator and prey. The BMFTL values were used to measure 
biomagnification in the tropical food chain between two adjacent trophic levels (i.e., the 
difference in TL between predator and prey is small), assuming steady state in 
contaminant concentrations between predator and prey. Since BMFTL can be related to the 
trophic magnification factor (TMF), which describes the increase of contaminants from 
one trophic level to the other (derived from the slope, b, of the relationship between an 
organism’s log lipid normalized chemical concentration), it can also be expressed as 
BMFTL* as proposed by Conder et al. [45]: 
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Where Cpredator and Cprey are appropriately normalized (e.g., lipid normalized) chemical 
concentrations in the predator and prey, and TLpredator and TLprey are the trophic levels of 
the predator and prey. In essence, the BMFTL is the biomagnification factor normalized to 
a single trophic level increase in the food-web [45].The use of trophic magnification 
factors (TMFs) is currently an emerging approach to better assess the biomagnification of 
POPs in marine food webs [16]. An important number of studies in the northern 
hemisphere have relied on the use of the TMF for this purpose [15, 16, 18]. Thus, the use 
of TMF coupled with stable isotope analysis (SIA) to track the amplification and transport 
of POPs in food webs is a recommended methodology in eco-toxicology to study the 
biomagnification of POPs. The lack of prey samples and minimal trophic levels required 
(≥ 3) precluded to undertaking a trophic magnification factor (TMF) assessment in this 
study. 

2.10. Data treatment and supporting statistical analysis 

Concentrations of all detected POPs were blank corrected using the method detection limit 
(MDL), defined as the mean response of the levels measured in three procedural blanks 
used plus three times the standard deviation (SD) of the blanks (MDL = Meanblanks + 
3*SDblanks). Following this methodology, the concentration of each PCB congener and OC 
pesticide was determined based on concentrations above the MDL only. Only PCBs detected 
in 100% of samples and above the MDL were used for data analysis and calculations of 
BMFs. Contaminant concentration data were log-transformed to fit the assumption of 
normality criterion before statistical analysis. ∑PCB concentrations were calculated as the 
sum of PCB-52, PCB 74, PCB 95, PCB-99, PCB-101, PCB-105, PCB-118, PCB 128, PCB -
138/163/164, PCB-146, PCB 153, PCB 156, PCB 174, PCB 180, PCB 183, PCB 187, PCB 201 and 
PCB 202. ∑DDTs were dened as the sum of o, p’-DDE, p, p’-DDE, o, p’-DDD, p, p’-DDD, o, 
p’-DDT and p, p’-DDT, and ∑chlordanes as the sum of trans-chlordane, cis-chlordane, trans-
nonachlor and cis-nonachlor. 

To further support the analysis of biomagnification of POPs in the tropical food chain of the 
Galapagos, statistical comparisons between the concentrations of selected PCBs (e.g., PCBs 
153, 180), ∑DDTs, p,p’-DDE and other organochlorine pesticides measured in the Galapagos 
sea lion and those detected in diet items (i.e., mullet and thread herring) were conducted. 
These comparisons were conducted using analyses of variance (ANOVA) if variances were 
homoscedastic (i.e., equal variances) or Welch’s analyses of variance if variances or standard 
deviations were heteroscedastic (i.e., unequal variances as tested by Levene’s test or Bartlett 
test, p< 0.05), and a Tukey-Kramer honestly significant difference (HSD) test, which is a 
post-hoc method recommended to test differences between pairs of means among groups 
that contain unequal sample sizes [46]. Inter-site comparisons among rookeries samples 
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trophic levels of the predator and prey. The BMFTL values were used to measure 
biomagnification in the tropical food chain between two adjacent trophic levels (i.e., the 
difference in TL between predator and prey is small), assuming steady state in 
contaminant concentrations between predator and prey. Since BMFTL can be related to the 
trophic magnification factor (TMF), which describes the increase of contaminants from 
one trophic level to the other (derived from the slope, b, of the relationship between an 
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Where Cpredator and Cprey are appropriately normalized (e.g., lipid normalized) chemical 
concentrations in the predator and prey, and TLpredator and TLprey are the trophic levels of 
the predator and prey. In essence, the BMFTL is the biomagnification factor normalized to 
a single trophic level increase in the food-web [45].The use of trophic magnification 
factors (TMFs) is currently an emerging approach to better assess the biomagnification of 
POPs in marine food webs [16]. An important number of studies in the northern 
hemisphere have relied on the use of the TMF for this purpose [15, 16, 18]. Thus, the use 
of TMF coupled with stable isotope analysis (SIA) to track the amplification and transport 
of POPs in food webs is a recommended methodology in eco-toxicology to study the 
biomagnification of POPs. The lack of prey samples and minimal trophic levels required 
(≥ 3) precluded to undertaking a trophic magnification factor (TMF) assessment in this 
study. 

2.10. Data treatment and supporting statistical analysis 

Concentrations of all detected POPs were blank corrected using the method detection limit 
(MDL), defined as the mean response of the levels measured in three procedural blanks 
used plus three times the standard deviation (SD) of the blanks (MDL = Meanblanks + 
3*SDblanks). Following this methodology, the concentration of each PCB congener and OC 
pesticide was determined based on concentrations above the MDL only. Only PCBs detected 
in 100% of samples and above the MDL were used for data analysis and calculations of 
BMFs. Contaminant concentration data were log-transformed to fit the assumption of 
normality criterion before statistical analysis. ∑PCB concentrations were calculated as the 
sum of PCB-52, PCB 74, PCB 95, PCB-99, PCB-101, PCB-105, PCB-118, PCB 128, PCB -
138/163/164, PCB-146, PCB 153, PCB 156, PCB 174, PCB 180, PCB 183, PCB 187, PCB 201 and 
PCB 202. ∑DDTs were dened as the sum of o, p’-DDE, p, p’-DDE, o, p’-DDD, p, p’-DDD, o, 
p’-DDT and p, p’-DDT, and ∑chlordanes as the sum of trans-chlordane, cis-chlordane, trans-
nonachlor and cis-nonachlor. 

To further support the analysis of biomagnification of POPs in the tropical food chain of the 
Galapagos, statistical comparisons between the concentrations of selected PCBs (e.g., PCBs 
153, 180), ∑DDTs, p,p’-DDE and other organochlorine pesticides measured in the Galapagos 
sea lion and those detected in diet items (i.e., mullet and thread herring) were conducted. 
These comparisons were conducted using analyses of variance (ANOVA) if variances were 
homoscedastic (i.e., equal variances) or Welch’s analyses of variance if variances or standard 
deviations were heteroscedastic (i.e., unequal variances as tested by Levene’s test or Bartlett 
test, p< 0.05), and a Tukey-Kramer honestly significant difference (HSD) test, which is a 
post-hoc method recommended to test differences between pairs of means among groups 
that contain unequal sample sizes [46]. Inter-site comparisons among rookeries samples 
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followed the same statistical methods. Statistical comparison tests were conducted at a level 
of significance of p< 0.05 (α = 0.05). 

Principal Components Analyses (PCAs) were conducted on the fractions of PCBs and 
organochlorine pesticides relative to total concentrations by contaminant group (i.e., 
contaminants expressed as a fraction of total) for each sample to visualize spatial differences 
in patterns in sea lion pups from different sites within the Galapagos Archipelago and 
elucidate potential sources (i.e., local versus global-atmospheric). First, samples with 
undetectable values were replaced by a random number between the lowest and the highest 
concentration that were detectable (> MDL) to account for uncertainty before PCA (i.e., 
trans-chlordane and PCB 110 showed zero values in blanks in three and two samples out of 
20, respectively; therefore; there was not possible to calculate MDLs), or otherwise removed 
from the PCAs. Secondly, samples were normalized to the concentration total before PCA to 
remove artefacts related to concentrations differences between samples. Finally, the centered 
log ratio transformation (division by the geometric mean of the concentration-normalized 
sample followed by log transformation) was then applied to this compositional data set to 
produce a data set that was unaffected by negative bias or closure [47]. Regressions, 
statistical comparisons and PCAs were run using JMP 7.0 (SAS Institute Inc.; Cary, NC, 
USA). 

3. Results and discussion 

3.1. Stable isotope profiles and trophic levels 

The values of δ15N and δ13C (mean ± standard deviation) found here are consistent to those 
reported in Galapagos sea lion pups (i.e., 13.1‰ ± 0.5‰ for δ15N, and -14.5‰ ± 0.5‰ for 
δ13C) in a recent study [31].No significant relationship was observed between isotopic 
values and length of the pups (δ15N: r = 0.005, p =0.7594; δ13C:r = 0.18, p = 0.0626) or weight 
(δ15N:r = 0.0001, p =0.9645; δ13C: r = 0.18, p = 0.0752). Although female pups appeared to 
exhibit higher values of δ15N compared to male pups (t-test = 2.3767, p = 0.0288), δ13C 
values between males and females were similar (t-test = -0.3326, p = 0.7433). In addition, 
no significant inter-site differences in δ15N (ANOVA, p = 0.4235) and δ13C (ANOVA, p = 
0.8378) values were found among rookeries. This indicates that site or foraging location 
had minimal influence on the isotope ratios. The lack of differences was further 
minimized by sampling similar ontogenetic stages (i.e., pups of similar age, development 
and size), and a metabolically inactive tissue (i.e., fur hair), which is corroborated by the 
fact that hair is an inert tissue containing physiological and dietary information (isotopic 
signals) [48]. 

Based on the δ15Nvalues, the trophic level (TL) measured here for the Galapagos sea lion 
(δ15N = 13.0; TL = 4.2) fall within the range of those recently reported (i.e., δ15N =12.6−13.4; TL 
= 4.1−4.4) elsewhere [30, 31, 43]. The δ15N values for thread herrings and mullets were 9.4‰ 
± 1.77‰ (TL = 3.1), and 12.7‰ ± 1.10‰ (TL = 4.1), respectively, while the δ13C values for 
thread herrings and mullets were -17.0 ±0.70 and -9.34 ±0.80. 
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3.2. POP concentrations in animals and inter-site comparisons 

3.2.1. Galapagos sea lions 

Observed concentrations of selected POPs in Galapagos sea lion and two of its main prey 
items are summarized in Table 1. Galapagos sea lions represented the largest number of 
organisms sampled in this study (n = 41) and exhibited the highest concentrations of PCBs 
and OC pesticides. The multi-comparison post hoc analysis, including sea lions and prey 
fish, showed that no significant differences in OC pesticides and PCB congener 
concentrations were observed between male and female pups. Fish prey commonly 
exhibited significantly lower concentrations than Galapagos sea lion pups (ANOVA and 
multi-comparisons Tukey-Kramer (HSD) post-hoc test, p< 0.05) (Table 1, Figure 2).  

Concentrations of ∑DDTs in Galapagos sea lions ranged from 16.0 to 1700 μg/kg lipid and 
∑DDTs were the predominant OC pesticide in Galapagos sea lion pups, as previously 
reported [35]. ∑Chlordanes were the second most abundant group of contaminants 
present. Trans-nonachlor represented 68% of ∑chlordanes, followed by cis-chlordane, cis-
nonachlor and trans-chlordane (Table 1), a pattern comparable to that reported in pups of 
southern elephant seals (Mirounga leonina) [49] and Weddell seals (Leptonychotes weddellii) 
[50]. This indicates that trans-nonachlor is a predominant chlordane compound in 
pinnipeds. 

Within the hexachlorocyclohexanes (HCHs), β-HCH was the only isomer detectable in all 
pups (>MDL). β-HCH was the dominant HCH isomer in blubber samples of California sea 
lions (Zalophus californianus) from Baja California [51] and in toothed cetaceans from tropical 
and temperate waters of the Indian and North Pacific oceans [52] due to the greater 
biomagnification of the most bioaccumulative β-HCH versus γ-HCH [3, 20]. Interestingly, 
the mean β-HCH concentration in Galapagos sea lions was higher than the mean ∑HCH 
concentrations measured in spinner dolphins (Stenella longirostris) (21.3 μg/kg lipid) 
captured in a marine area of the Eastern Tropical Pacific [52] in offshore waters north of the 
Galapagos.  

Both dieldrin and mirex were detected in all pups with concentrations ranging from 0.85 to 
24 μg/kg lipid for mirex and from 9.00 to 83.0 μg/kg lipid for dieldrin. Concentrations of 
∑PCBs (i.e., sum of 20 PCB congeners) ranged between 16.0 and 380 (μg/kg lipid) in pups 
and from 1.0 to 140 (μg/kg lipid) in fish preys (Table 1). 

3.2.2. Fish prey 

OC pesticides, including ∑DDTs, chlordanes, β-HCH, dieldrin and mirex, and individual 
PCB congeners detected in Galapagos sea lion pups were also detected (> MDL) in all 
sampled thread herring and mullet prey samples. Significantly lower concentrations of 
OC pesticides and PCBs were found in thread herrings and mullets than in Galapagos sea 
lion pups (ANOVA and multi-comparisons Tukey-Kramer (HSD) post-hoc test, p< 0.05; 
Table 1). PCB 202 was the only congener exhibiting similar concentrations in sea lions and 
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followed the same statistical methods. Statistical comparison tests were conducted at a level 
of significance of p< 0.05 (α = 0.05). 

Principal Components Analyses (PCAs) were conducted on the fractions of PCBs and 
organochlorine pesticides relative to total concentrations by contaminant group (i.e., 
contaminants expressed as a fraction of total) for each sample to visualize spatial differences 
in patterns in sea lion pups from different sites within the Galapagos Archipelago and 
elucidate potential sources (i.e., local versus global-atmospheric). First, samples with 
undetectable values were replaced by a random number between the lowest and the highest 
concentration that were detectable (> MDL) to account for uncertainty before PCA (i.e., 
trans-chlordane and PCB 110 showed zero values in blanks in three and two samples out of 
20, respectively; therefore; there was not possible to calculate MDLs), or otherwise removed 
from the PCAs. Secondly, samples were normalized to the concentration total before PCA to 
remove artefacts related to concentrations differences between samples. Finally, the centered 
log ratio transformation (division by the geometric mean of the concentration-normalized 
sample followed by log transformation) was then applied to this compositional data set to 
produce a data set that was unaffected by negative bias or closure [47]. Regressions, 
statistical comparisons and PCAs were run using JMP 7.0 (SAS Institute Inc.; Cary, NC, 
USA). 

3. Results and discussion 

3.1. Stable isotope profiles and trophic levels 

The values of δ15N and δ13C (mean ± standard deviation) found here are consistent to those 
reported in Galapagos sea lion pups (i.e., 13.1‰ ± 0.5‰ for δ15N, and -14.5‰ ± 0.5‰ for 
δ13C) in a recent study [31].No significant relationship was observed between isotopic 
values and length of the pups (δ15N: r = 0.005, p =0.7594; δ13C:r = 0.18, p = 0.0626) or weight 
(δ15N:r = 0.0001, p =0.9645; δ13C: r = 0.18, p = 0.0752). Although female pups appeared to 
exhibit higher values of δ15N compared to male pups (t-test = 2.3767, p = 0.0288), δ13C 
values between males and females were similar (t-test = -0.3326, p = 0.7433). In addition, 
no significant inter-site differences in δ15N (ANOVA, p = 0.4235) and δ13C (ANOVA, p = 
0.8378) values were found among rookeries. This indicates that site or foraging location 
had minimal influence on the isotope ratios. The lack of differences was further 
minimized by sampling similar ontogenetic stages (i.e., pups of similar age, development 
and size), and a metabolically inactive tissue (i.e., fur hair), which is corroborated by the 
fact that hair is an inert tissue containing physiological and dietary information (isotopic 
signals) [48]. 

Based on the δ15Nvalues, the trophic level (TL) measured here for the Galapagos sea lion 
(δ15N = 13.0; TL = 4.2) fall within the range of those recently reported (i.e., δ15N =12.6−13.4; TL 
= 4.1−4.4) elsewhere [30, 31, 43]. The δ15N values for thread herrings and mullets were 9.4‰ 
± 1.77‰ (TL = 3.1), and 12.7‰ ± 1.10‰ (TL = 4.1), respectively, while the δ13C values for 
thread herrings and mullets were -17.0 ±0.70 and -9.34 ±0.80. 
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3.2. POP concentrations in animals and inter-site comparisons 

3.2.1. Galapagos sea lions 

Observed concentrations of selected POPs in Galapagos sea lion and two of its main prey 
items are summarized in Table 1. Galapagos sea lions represented the largest number of 
organisms sampled in this study (n = 41) and exhibited the highest concentrations of PCBs 
and OC pesticides. The multi-comparison post hoc analysis, including sea lions and prey 
fish, showed that no significant differences in OC pesticides and PCB congener 
concentrations were observed between male and female pups. Fish prey commonly 
exhibited significantly lower concentrations than Galapagos sea lion pups (ANOVA and 
multi-comparisons Tukey-Kramer (HSD) post-hoc test, p< 0.05) (Table 1, Figure 2).  

Concentrations of ∑DDTs in Galapagos sea lions ranged from 16.0 to 1700 μg/kg lipid and 
∑DDTs were the predominant OC pesticide in Galapagos sea lion pups, as previously 
reported [35]. ∑Chlordanes were the second most abundant group of contaminants 
present. Trans-nonachlor represented 68% of ∑chlordanes, followed by cis-chlordane, cis-
nonachlor and trans-chlordane (Table 1), a pattern comparable to that reported in pups of 
southern elephant seals (Mirounga leonina) [49] and Weddell seals (Leptonychotes weddellii) 
[50]. This indicates that trans-nonachlor is a predominant chlordane compound in 
pinnipeds. 

Within the hexachlorocyclohexanes (HCHs), β-HCH was the only isomer detectable in all 
pups (>MDL). β-HCH was the dominant HCH isomer in blubber samples of California sea 
lions (Zalophus californianus) from Baja California [51] and in toothed cetaceans from tropical 
and temperate waters of the Indian and North Pacific oceans [52] due to the greater 
biomagnification of the most bioaccumulative β-HCH versus γ-HCH [3, 20]. Interestingly, 
the mean β-HCH concentration in Galapagos sea lions was higher than the mean ∑HCH 
concentrations measured in spinner dolphins (Stenella longirostris) (21.3 μg/kg lipid) 
captured in a marine area of the Eastern Tropical Pacific [52] in offshore waters north of the 
Galapagos.  

Both dieldrin and mirex were detected in all pups with concentrations ranging from 0.85 to 
24 μg/kg lipid for mirex and from 9.00 to 83.0 μg/kg lipid for dieldrin. Concentrations of 
∑PCBs (i.e., sum of 20 PCB congeners) ranged between 16.0 and 380 (μg/kg lipid) in pups 
and from 1.0 to 140 (μg/kg lipid) in fish preys (Table 1). 

3.2.2. Fish prey 

OC pesticides, including ∑DDTs, chlordanes, β-HCH, dieldrin and mirex, and individual 
PCB congeners detected in Galapagos sea lion pups were also detected (> MDL) in all 
sampled thread herring and mullet prey samples. Significantly lower concentrations of 
OC pesticides and PCBs were found in thread herrings and mullets than in Galapagos sea 
lion pups (ANOVA and multi-comparisons Tukey-Kramer (HSD) post-hoc test, p< 0.05; 
Table 1). PCB 202 was the only congener exhibiting similar concentrations in sea lions and 
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fish (ANOVA, p> 0.05), suggesting a lack of its bioaccumulation in the food chain. 
Although thread herring and mullet showed differences in δ15N values or trophic levels 
and foraging strategies, concentrations of POPs in these two species were similar  
(Figure 2) with the exception of mirex and cis-nonachlor, which were higher in 
planktivorous thread herrings than in mullets. Endosulfan sulphate was detected in all 
mullet samples ranging from 0.07 to 0.22 μg/kg lipid, with an arithmetic mean of 0.16 
μg/kg lipid. Only two thread herring samples exhibited detectable concentration of this 
pesticide (0.002–0.05 μg/kg lipid). Endosulfan sulphate was not detected in any of the 
biopsy samples of pups.  
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Figure 2. Inter-species comparisons of ∑PCB and organochlorine pesticide (mirex, dieldrin, β-HCH, 
∑Chlordanes, p,p-DDE, ∑DDT) concentrations. Asterisks indicate that concentration in the Galapagos 
sea lion were significantly higher (p < 0.05) than those found in mullets and thread herrings. Error bars 
are standard deviations. 

The PCB composition in prey showed a different composition of PCB congeners compared 
to that of sea lions pups (Figure 3). Higher chlorinated PCBs, i.e., Hepta, Octa and Nona-
chlorinated biphenyls (PCBs 180–201) were more abundant in thread herrings and mullets 
than in Galapagos sea lion pups. This indicates the possible role of biotransformation, 
reduced uptake of PCBs, or a natural placental barrier for heavier PCBs in sea lions. Lower 
chlorinated PCB congeners, ranging from PCB 43/44 to PCB 118 (Tetra to Penta- chlorinated 
biphenyls), make up an important contribution (≈ 37% ± 7.25%) to the total PCB 
concentrations suggesting a lighter PCB signature (“equatorial fingerprint”) in the 
Galapagos sea lion, mullet and thread herring compared to that observed in many arctic 
biota. 
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 Galapagos sea lion (predator) Fish (prey)
p-value 

 Female pups Male pups Thread herring Mullet

 (n = 10) (n = 10) (n = 4) (n = 6)  
Lipid (%) 75.9 ± 3.50 77.8 ± 2.45 1.22 ± 0.86 2.86 ± 2.00  
p,p’-DDE 480 ± 120 A 505 ± 180 A 3.30 ± 1.00 B 2.22 ± 0.700 B <0.05* 
 (65.4–1183) (13.6–1650) (0.669–5.00) (0.620–5.20)  
p,p'-DDT 13.0 ± 2.85 A 8.60 ± 1.08 A 0.070 ± 0.046 B 0.130 ± 0.051 B <0.05* 
 (1.70–29.0) (0.974–12.0) (ND–0.195) ND–0.300  
p,p'-DDD 20.0 ± 4.73 A 17.0 ± 4.60 A 0.440 ± 0.140 B 0.550 ± 0.170 B <0.05* 
 (1.88–44.0) (0.965–54.0) (0.036–0.70) (0.155–1.30)  
∑DDT 516 ± 125 A 533 ± 183 A 4.00 ± 1.26 B 3.00 ± 0.910 B <0.05* 
 (71.2–1230) (16.3–1666) (0.705–6.05) (0.820–6.80)  
Mirex 8.60 ± 1.76 A 6.40 ± 2.20 A 0.330 ± 0.030 B 0.040 ± 0.008 C <0.05** 
 (2.50–21.0) (0.850–24.0) (0.250–0.400) (0.028–0.080)  
Dieldrin 31.0 ± 7.26 A 22.0 ± 4.80 A 0.600 ± 0.204 B 0.880 ± 0.128 B <0.05** 
 (9.00–83.0) (9.00–63.0) (0.005–0.90) (0.400–1.30)  
β-HCH 34.2 ± 4.00 A 26.0 ±7.05 A 0.440 ± 0.090 B 0.495 ± 0.095 B <0.05** 
 (18.3–52.0) (7.75–78.0) (0.229–0.620) (0.041–0.650)  
trans-
chlordane 

0.410 ± 0.100 A 0.65 ± 0.10 A 0.070 ± 0.027 B 0.040 ± 0.015 B <0.05** 

 (ND–0.840) (0.273–1.03) (ND–0.130) (ND–0.110)  
cis-
chlordane 

17.2 ± 2.67 A 15.0 ± 2.75 A 0.455 ± 0.140 B 0.250 ± 0.053 B <0.05* 

 (6.800–34.0) (3.60–31.0) (0.049–0.670) (0.120–0.482)  
trans-
nonachlor 

73.0 ± 12.0 A 65.0 ± 22.0 A 0.860 ± 0.191 B 0.40 ± 0.072 B <0.05** 

 (37.0–146) (11.0–214) (0.430–1.30) (0.160–0.570)  
cis-
nonachlor 

16.0 ± 3.20 A 10.0 ± 2.10 A 0.300 ± 0.109 B 0.195 ± 0.050 C <0.05* 

 (3.7–31.8) (3.56–25.8) (ND–0.510) (0.075–0.380)  
∑Chlordanes 107 ±15.0 A 90.5 ± 25.2 A 1.70 ± 0.445 B 0.870 ± 0.175 B <0.05* 
 (48.1–180) (18.8–255) (0.481–2.50) (0.372–1.50)  
PCB 52 3.20 ± 0.530 A 2.10 ± 0.610 A 0.210 ± 0.030 B 2.20 ± 1.85 B <0.05** 
 (1.13–5.60) (0.332–7.05) (0.136–0.270) (0.055–11.0)  
PCB 74 2.60 ± 0.410 A 2.00 ± 0.510 A 0.100 ± 0.009 B 0.280 ± 0.220 B <0.05** 
 (1.40–5.10) (0.340–4.40) (0.050–0.085) (0.012–1.40)  
PCB-95 2.80 ± 0.303 A 2.20 ± 0.320 A 0.300 ± 0.090 B 2.02 ± 1.70 B 0.05** 
 (1.63–4.83) (0.873–3.75) (0.018–0.413) (0.026–10.4)  
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fish (ANOVA, p> 0.05), suggesting a lack of its bioaccumulation in the food chain. 
Although thread herring and mullet showed differences in δ15N values or trophic levels 
and foraging strategies, concentrations of POPs in these two species were similar  
(Figure 2) with the exception of mirex and cis-nonachlor, which were higher in 
planktivorous thread herrings than in mullets. Endosulfan sulphate was detected in all 
mullet samples ranging from 0.07 to 0.22 μg/kg lipid, with an arithmetic mean of 0.16 
μg/kg lipid. Only two thread herring samples exhibited detectable concentration of this 
pesticide (0.002–0.05 μg/kg lipid). Endosulfan sulphate was not detected in any of the 
biopsy samples of pups.  
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Figure 2. Inter-species comparisons of ∑PCB and organochlorine pesticide (mirex, dieldrin, β-HCH, 
∑Chlordanes, p,p-DDE, ∑DDT) concentrations. Asterisks indicate that concentration in the Galapagos 
sea lion were significantly higher (p < 0.05) than those found in mullets and thread herrings. Error bars 
are standard deviations. 

The PCB composition in prey showed a different composition of PCB congeners compared 
to that of sea lions pups (Figure 3). Higher chlorinated PCBs, i.e., Hepta, Octa and Nona-
chlorinated biphenyls (PCBs 180–201) were more abundant in thread herrings and mullets 
than in Galapagos sea lion pups. This indicates the possible role of biotransformation, 
reduced uptake of PCBs, or a natural placental barrier for heavier PCBs in sea lions. Lower 
chlorinated PCB congeners, ranging from PCB 43/44 to PCB 118 (Tetra to Penta- chlorinated 
biphenyls), make up an important contribution (≈ 37% ± 7.25%) to the total PCB 
concentrations suggesting a lighter PCB signature (“equatorial fingerprint”) in the 
Galapagos sea lion, mullet and thread herring compared to that observed in many arctic 
biota. 
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 Galapagos sea lion (predator) Fish (prey)
p-value 

 Female pups Male pups Thread herring Mullet

 (n = 10) (n = 10) (n = 4) (n = 6)  
Lipid (%) 75.9 ± 3.50 77.8 ± 2.45 1.22 ± 0.86 2.86 ± 2.00  
p,p’-DDE 480 ± 120 A 505 ± 180 A 3.30 ± 1.00 B 2.22 ± 0.700 B <0.05* 
 (65.4–1183) (13.6–1650) (0.669–5.00) (0.620–5.20)  
p,p'-DDT 13.0 ± 2.85 A 8.60 ± 1.08 A 0.070 ± 0.046 B 0.130 ± 0.051 B <0.05* 
 (1.70–29.0) (0.974–12.0) (ND–0.195) ND–0.300  
p,p'-DDD 20.0 ± 4.73 A 17.0 ± 4.60 A 0.440 ± 0.140 B 0.550 ± 0.170 B <0.05* 
 (1.88–44.0) (0.965–54.0) (0.036–0.70) (0.155–1.30)  
∑DDT 516 ± 125 A 533 ± 183 A 4.00 ± 1.26 B 3.00 ± 0.910 B <0.05* 
 (71.2–1230) (16.3–1666) (0.705–6.05) (0.820–6.80)  
Mirex 8.60 ± 1.76 A 6.40 ± 2.20 A 0.330 ± 0.030 B 0.040 ± 0.008 C <0.05** 
 (2.50–21.0) (0.850–24.0) (0.250–0.400) (0.028–0.080)  
Dieldrin 31.0 ± 7.26 A 22.0 ± 4.80 A 0.600 ± 0.204 B 0.880 ± 0.128 B <0.05** 
 (9.00–83.0) (9.00–63.0) (0.005–0.90) (0.400–1.30)  
β-HCH 34.2 ± 4.00 A 26.0 ±7.05 A 0.440 ± 0.090 B 0.495 ± 0.095 B <0.05** 
 (18.3–52.0) (7.75–78.0) (0.229–0.620) (0.041–0.650)  
trans-
chlordane 

0.410 ± 0.100 A 0.65 ± 0.10 A 0.070 ± 0.027 B 0.040 ± 0.015 B <0.05** 

 (ND–0.840) (0.273–1.03) (ND–0.130) (ND–0.110)  
cis-
chlordane 

17.2 ± 2.67 A 15.0 ± 2.75 A 0.455 ± 0.140 B 0.250 ± 0.053 B <0.05* 

 (6.800–34.0) (3.60–31.0) (0.049–0.670) (0.120–0.482)  
trans-
nonachlor 

73.0 ± 12.0 A 65.0 ± 22.0 A 0.860 ± 0.191 B 0.40 ± 0.072 B <0.05** 

 (37.0–146) (11.0–214) (0.430–1.30) (0.160–0.570)  
cis-
nonachlor 

16.0 ± 3.20 A 10.0 ± 2.10 A 0.300 ± 0.109 B 0.195 ± 0.050 C <0.05* 

 (3.7–31.8) (3.56–25.8) (ND–0.510) (0.075–0.380)  
∑Chlordanes 107 ±15.0 A 90.5 ± 25.2 A 1.70 ± 0.445 B 0.870 ± 0.175 B <0.05* 
 (48.1–180) (18.8–255) (0.481–2.50) (0.372–1.50)  
PCB 52 3.20 ± 0.530 A 2.10 ± 0.610 A 0.210 ± 0.030 B 2.20 ± 1.85 B <0.05** 
 (1.13–5.60) (0.332–7.05) (0.136–0.270) (0.055–11.0)  
PCB 74 2.60 ± 0.410 A 2.00 ± 0.510 A 0.100 ± 0.009 B 0.280 ± 0.220 B <0.05** 
 (1.40–5.10) (0.340–4.40) (0.050–0.085) (0.012–1.40)  
PCB-95 2.80 ± 0.303 A 2.20 ± 0.320 A 0.300 ± 0.090 B 2.02 ± 1.70 B 0.05** 
 (1.63–4.83) (0.873–3.75) (0.018–0.413) (0.026–10.4)  
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PCB-99 11.0 ± 2.07 A 8.30 ± 2.70 A 0.570 ± 0.073 B 2.62 ± 2.14 B <0.05** 
 (4.99–27.0) (1.30–23.0) (0.390–0.740) (0.090–13.0)  
PCB-101 8.70 ± 1.38 A 4.30 ±1.38 A 0.630 ± 0.186 B 3.35 ± 2.70 B <0.05** 
 (4.36–18.3) (1.79– 16.4) (0.115–0.980) (0.090–17.0)  
PCB-105 2.05 ± 0.630 A 1.30 ± 0.445 A 0.205 ± 0.070 B 0.760 ± 0.600 B <0.05** 
 (0.715–7.40) (0.140–4.10) (0.062–0.374) (0.020–3.70)  
PCB-118 14.0 ± 3.50 A 9.70 ± 3.40 A 1.00 ± 0.170 B 3.80 ± 3.00 B <0.05** 
 (5.70–43.0) (1.26–32.0) (0.710–1.46) (0.118–19.0)  
PCB 128 2.50 ± 0.750 A 1.60 ± 0.570 A 0.180 ±0.060 B 0.560 ± 0.450 B <0.05** 
 (0.740–8.76) (0.201–5.25) (0.071–0.350) (0.015–2.80)  
PCB 
138/163/164 

24.0 ± 6.70 A 15.50 ± 5.60 A 1.30 ± 0.360 B 3.30 ± 2.60 B <0.05* 

 (7.80–80.0) (2.080–50.0) (0.690–2.20) (0.150–16.0)  
PCB 146 6.00 ± 1.40 A 2.80 ± 1.10 A,B 0.40 ± 0.078B,C 0.600 ± 0.460 C <0.05** 
 (2.10–16.0) (0.620–11.5) (0.210–0.570) (0.030–3.00)  
PCB 153 35.0 ± 8.90 A 25.0 ± 9.80 A 1.60 ± 0.580 B 3.80 ± 3.00 B <0.05* 
 (11.3–99.3) (2.60–95.4) (0.601–3.10) (0.180–19.0)  
PCB-156 0.610 ± 0.137 A 0.40 ± 0.110 A 0.17 ± 0.035A,B 0.400 ± 0.320 B <0.05** 
 (0.170–1.60) (0.090–1.07) (0.075–0.240) (0.012–1.96)  
PCB-174 0.680 ± 0.110 A 0.420 ± 0.096 A 0.090 ± 0.050 B 0.370 ± 0.300 B <0.05** 
 (0.140–1.30) (0.100–0.860) (0.025–0.230) (0.014–1.80)  
PCB 180 16.0 ± 4.24 A 12.0 ± 4.40 A 1.66 ± 0.420 B 1.90 ± 1.50 B <0.05* 
 (3.90–44.0) (1.00–44.0) (0.600–2.60) (0.130–9.10)  
PCB-183 2.20 ± 0.669 A 1.40 ± 0.536 A 0.215 ± 0.072 B 0.440 ± 0.350 B <0.05* 
 (0.516–7.45) (0.170–5.26) 0.008–0.330 0.030–2.20  
PCB 187 3.40 ± 0.812 A 1.45 ± 0.43 A,B 0.620 ± 0.130 B 0.930 ± 0.680 B <0.05* 
 (0.965–9.50) (0.470–4.55) (0.230–0.840) (0.080–4.32)  
PCB 201 1.20 ± 0.515 A 0.60 ± 0.20 A,B 0.140 ± 0.04A,B 0.370 ± 0.280 B <0.05* 
 (0.140–5.60) (0.050–2.00) (0.060–0.240) (0.030–1.80)  
PCB 202 0.355 ± 0.180 A 0.160 ± 0.050 A 0.070 ±0.020 A 0.120 ± 0.090 A >0.05* 
 (0.022–1.90) (0.008–0.470) 0.033–0.126 0.010–0.600  
∑PCBs 136 ± 32 A 91.0 ± 30.0 A 9.35 ± 1.90 B 28.0 ± 22.0 B <0.05** 
 (50.2–384) (16.0–282) (5.40–14.0) (1.20–138)  

*Homocedastic: Welch’s analysis of variances not used; **Heteroscedastic: Welch’s analysis of variances used; ND = 
non-detectable concentration 

Table 1. POP concentrations (μg/kg lipid) in Galapagos sea lion, thread herring and mullet sampled in 
2008. Lipid contents are arithmetic mean ± standard deviations (SD). Concentrations are mean ± 
standard error (SE), and the range is indicated between brackets. Different letters (i.e. A, B, and C) 
indicate significant differences among sea lion pups and fish species (ANOVA and multi-comparisons 
Tukey-Kramer (HSD) post-hoc test) 
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Figure 3. Composition of PCB congeners in Galapagos sea lion pups (a), mullet (b) and thread herring 
(c). Error bars are standard errors. 
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PCB-99 11.0 ± 2.07 A 8.30 ± 2.70 A 0.570 ± 0.073 B 2.62 ± 2.14 B <0.05** 
 (4.99–27.0) (1.30–23.0) (0.390–0.740) (0.090–13.0)  
PCB-101 8.70 ± 1.38 A 4.30 ±1.38 A 0.630 ± 0.186 B 3.35 ± 2.70 B <0.05** 
 (4.36–18.3) (1.79– 16.4) (0.115–0.980) (0.090–17.0)  
PCB-105 2.05 ± 0.630 A 1.30 ± 0.445 A 0.205 ± 0.070 B 0.760 ± 0.600 B <0.05** 
 (0.715–7.40) (0.140–4.10) (0.062–0.374) (0.020–3.70)  
PCB-118 14.0 ± 3.50 A 9.70 ± 3.40 A 1.00 ± 0.170 B 3.80 ± 3.00 B <0.05** 
 (5.70–43.0) (1.26–32.0) (0.710–1.46) (0.118–19.0)  
PCB 128 2.50 ± 0.750 A 1.60 ± 0.570 A 0.180 ±0.060 B 0.560 ± 0.450 B <0.05** 
 (0.740–8.76) (0.201–5.25) (0.071–0.350) (0.015–2.80)  
PCB 
138/163/164 

24.0 ± 6.70 A 15.50 ± 5.60 A 1.30 ± 0.360 B 3.30 ± 2.60 B <0.05* 

 (7.80–80.0) (2.080–50.0) (0.690–2.20) (0.150–16.0)  
PCB 146 6.00 ± 1.40 A 2.80 ± 1.10 A,B 0.40 ± 0.078B,C 0.600 ± 0.460 C <0.05** 
 (2.10–16.0) (0.620–11.5) (0.210–0.570) (0.030–3.00)  
PCB 153 35.0 ± 8.90 A 25.0 ± 9.80 A 1.60 ± 0.580 B 3.80 ± 3.00 B <0.05* 
 (11.3–99.3) (2.60–95.4) (0.601–3.10) (0.180–19.0)  
PCB-156 0.610 ± 0.137 A 0.40 ± 0.110 A 0.17 ± 0.035A,B 0.400 ± 0.320 B <0.05** 
 (0.170–1.60) (0.090–1.07) (0.075–0.240) (0.012–1.96)  
PCB-174 0.680 ± 0.110 A 0.420 ± 0.096 A 0.090 ± 0.050 B 0.370 ± 0.300 B <0.05** 
 (0.140–1.30) (0.100–0.860) (0.025–0.230) (0.014–1.80)  
PCB 180 16.0 ± 4.24 A 12.0 ± 4.40 A 1.66 ± 0.420 B 1.90 ± 1.50 B <0.05* 
 (3.90–44.0) (1.00–44.0) (0.600–2.60) (0.130–9.10)  
PCB-183 2.20 ± 0.669 A 1.40 ± 0.536 A 0.215 ± 0.072 B 0.440 ± 0.350 B <0.05* 
 (0.516–7.45) (0.170–5.26) 0.008–0.330 0.030–2.20  
PCB 187 3.40 ± 0.812 A 1.45 ± 0.43 A,B 0.620 ± 0.130 B 0.930 ± 0.680 B <0.05* 
 (0.965–9.50) (0.470–4.55) (0.230–0.840) (0.080–4.32)  
PCB 201 1.20 ± 0.515 A 0.60 ± 0.20 A,B 0.140 ± 0.04A,B 0.370 ± 0.280 B <0.05* 
 (0.140–5.60) (0.050–2.00) (0.060–0.240) (0.030–1.80)  
PCB 202 0.355 ± 0.180 A 0.160 ± 0.050 A 0.070 ±0.020 A 0.120 ± 0.090 A >0.05* 
 (0.022–1.90) (0.008–0.470) 0.033–0.126 0.010–0.600  
∑PCBs 136 ± 32 A 91.0 ± 30.0 A 9.35 ± 1.90 B 28.0 ± 22.0 B <0.05** 
 (50.2–384) (16.0–282) (5.40–14.0) (1.20–138)  

*Homocedastic: Welch’s analysis of variances not used; **Heteroscedastic: Welch’s analysis of variances used; ND = 
non-detectable concentration 

Table 1. POP concentrations (μg/kg lipid) in Galapagos sea lion, thread herring and mullet sampled in 
2008. Lipid contents are arithmetic mean ± standard deviations (SD). Concentrations are mean ± 
standard error (SE), and the range is indicated between brackets. Different letters (i.e. A, B, and C) 
indicate significant differences among sea lion pups and fish species (ANOVA and multi-comparisons 
Tukey-Kramer (HSD) post-hoc test) 
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Figure 3. Composition of PCB congeners in Galapagos sea lion pups (a), mullet (b) and thread herring 
(c). Error bars are standard errors. 
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3.2.3. Intersite comparisons 

The relative concentrations of contaminants observed in all sites exhibited a general 
common pattern, ∑DDT > ∑Chlordane > ∑PCBs >β-HCH> dieldrin > mirex, which was 
dominated by ∑DDTs, followed by chlordanes and PCBs, and secondly by β-HCH, dieldrin 
and mirex. Concentrations of ∑PCBs and OC pesticides detected in Galapagos sea lion pups 
showed no significant differences among rookeries (ANOVA for all comparisons, p> 0.05). 
This might suggest a common, global source of contamination delivering POPs to the 
animals, and that localized sources play a little role in contributions of POPs.  

3.3. Biomagnification factors 

The interpretation of the data resulting from the use of biomagnification factors are focused on 
BMFTL as the BMF and BMFTL* was used in this study as an optional approach for evaluation 
of BMF methods. When the BMF is calculated for the Galapagos sea lion/thread herring case, 
the BMF values were consistent among the methodologies used (Table 2). In contrast, the three 
methods differed markedly from 9 to 9.5x1018 orders of magnitude higher for OC pesticides 
and from 4.8 to 1.9 x107 orders of magnitude higher for PCBs when the predator-prey BMFTL 
approaches versus the conventional CPREDATOR/CPREY ratio in the Galapagos sea lion/mullet 
relationship are compared. These fluctuations appear to be driven by the effect of the 
magnitude resulting from the differences in trophic levels. While the trophic level difference 
(TL predator − TLprey = 1.1) between the Galapagos sea lion and the thread herring is large, the 
trophic level difference (TL predator − TLprey = 0.11) between the Galapagos sea lion and the mullet 
is statistically insignificant (p >0.05) and cannot be used in the calculation of the predator-prey 
BMFTL .Thus, the predator-prey biomagnification factor methodologies (BMFTL) are sensitive to 
small differences in trophic levels (i.e., Galapagos sea lion-mullet). Based on this observation, 
the best way of expressing the BMF is the calculation of the BMF calculated as the 
CPREDATOR/CPREY ratio, which was similar between the Galapagos sea lion/herring and 
Galapagos sea lion/mullet cases.The use of different biomagnification factor measures showed 
that BMFTL and BMFTL* are more appropriate to assess biomagnification if differences in 
trophic levels of predator/prey relationships are large (i.e. >1), as depicted in Table 2.  

Calculated biomagnification factors of OC pesticides and PCB congeners, including octanol-
water (KOW) and octanol-air partition coefficients (KOA), are shown in Table 2. The BMFTL of 
OC pesticides ranged from 7.3 (trans-chlordane) to 140 (p,p’-DDT) kg/kg lipid in Galapagos 
sea lion/thread herring and from 130 (trans-chlordane) to as high as 2000 (p,p’-DDE) kg/kg 
lipid in Galapagos sea lion/mullet, while BMFTL for PCB congeners ranged from 2.7 (PCB 
156) to 30 (PCB 74) kg/kg lipid in Galapagos sea lion/thread herring, and from 11 (PCB 52) to 
72 (PCB 153) kg/kg lipid in Galapagos sea lion/mullet (Table 3). No significant correlations 
were found between the BMFTL of OC pesticides and KOW (Figure 4b,d). Yet, BMFTL values 
decrease for some pesticides (e. g., mirex; trans-chlordane) when a KOW of 105.5 or 106.0 is 
exceeded. As a function of the octanol-air partition coefficient (KOA), the BMFTL for OC 
pesticides increased markedly as the KOA increased from 107.5 to 109, and then dropped for 
the rest of pesticides as KOA exceeds 109.5 (Figure 4a,c). 
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Compound 
Log 
KOw 

25-26 ºC

Log 
KOA

37 ºC

BMF
sea lion/ 
thread 
herring

BMF
sea 

lion/ 
mullet

BMFTLse
a lion/ 
thread 
herring

BMFTL

sea 
lion/ 

mullet

BMFTL * 
sea lion/ 
thread 
herring 

BMFTL * 
sea lion/ 
mullet 

p,p'-DDE 6.93 9.44 150 220 140 2000 100 2.10 x 1021 
p,p'-DDT 6.39 10.7 150 84.0 140 760 106 3.00 x 1017 
p,p'-DDD 6.30 10.3 41.0 33.0 38.0 300 31.0 6.60 x 1013 
∑DDT 6.41 10.7 132 180 122 1630 92.0 3.10 x 1020 
β-HCH 3.81 10.5 68.5 60.7 60.0 550 50.0 1.60 x 1016 
trans-
chlordane 6.27 10.1 7.90 14.0 7.00 130 6.80 2.67 x 1010 

cis-chlordane 6.20 10.1 35.0 65.0 33.0 590 27.0 2.86 x 1016 
trans-
nonachlor 6.35 10.0 80.0 177 74.0 1610 57.5 2.70 x 1020 

cis-nonachlor 6.08 8.38 44.0 68.0 40.0 615 33.0 4.30 x 1016 
∑Chlordanes 58.0 113 54.0 1030 43.0 4.70 x 1018 
Mirex 7.50 7.96 22.0 176 21.0 1600 18.0 2.50 x 1020 
Dieldrin 5.48 8.73 45.0 30.0 41.0 270 34.0 2.70 x 1013 
PCB-52 5.90 8.39 12.5 1.21 12.0 11.0 10.0 5.80 x 100 
PCB 74 7.70 8.41 32.0 7.87 30.0 72.0 25.0 1.40 x 108 
PCB 95 7.30 8.98 8.78 1.25 8.10 11.0 7.50 7.50 x 100 
PCB-99 6.60 9.36 16.7 3.64 15.5 33.1 13.5 1.30 x 105 
PCB-101 6.30 9.11 10.3 1.90 9.53 18.0 8.66 4.20 x 102 
PCB-105 6.80 9.56 8.10 2.20 7.50 20.0 6.95 1.28 x 103 
PCB-118 6.70 8.24 12.0 3.17 11.0 29.0 10.0 3.60 x 104 
PCB 128 7.00 9.16 11.4 3.60 10.5 33.0 9.50 1.10 x 105 
PCB -
138/163/164 7.20 10.0 15.0 5.90 14.0 54.0 12.0 1.10 x 107 

PCB-146 7.30 9.22 11.8 7.33 11.0 67.0 9.80 7.30 x 107 
PCB 153 6.90 9.79 19.0 7.90 18.0 72.0 15.0 1.50 x 108 
PCB 156 7.40 9.74 2.95 1.28 2.70 12.0 2.72 9.15 x 100 
PCB 174 7.00 9.62 6.05 1.50 5.60 14.0 5.30 3.90 x 101 
PCB 180 7.20 9.83 8.30 7.40 7.70 67.0 7.10 7.60 x 107 
PCB 183 7.00 9.88 8.50 4.10 7.90 38.0 7.30 4.00 x 105 
PCB 187 7.25 9.71 3.95 2.60 3.70 24.0 3.60 6.90 x 103 
PCB 201 7.10 10.3 6.26 2.35 5.80 21.0 5.50 2.40 x 103 
PCB 202 7.10 NR 3.80 2.10 3.55 19.0 3.50 9.40 x 102 
∑PCBs 12.0 4.10 11.0 37.0 10.0 3.65 x 105 

NR= non reported;  
Values for log KOW and log KOA were obtained from Kelly et al. [2] and Mackay et al. [56]. 

Table 2. Biomagnification factors (BMF), Predator-prey Biomagnification factors (BMFTL) and Log 
Predator-prey Biomagnification factors (BMFTL*) in units of kg/kg lipid for organochlorine pesticides 
(OCP) and PCB congeners in the Galapagos sea lion. The logarithmic values of the octanol-water (KOW) 
and octanol-air (KOA) partition coefficients for each contaminant are also reported as supporting 
indicators of bioaccumulation. 
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3.2.3. Intersite comparisons 

The relative concentrations of contaminants observed in all sites exhibited a general 
common pattern, ∑DDT > ∑Chlordane > ∑PCBs >β-HCH> dieldrin > mirex, which was 
dominated by ∑DDTs, followed by chlordanes and PCBs, and secondly by β-HCH, dieldrin 
and mirex. Concentrations of ∑PCBs and OC pesticides detected in Galapagos sea lion pups 
showed no significant differences among rookeries (ANOVA for all comparisons, p> 0.05). 
This might suggest a common, global source of contamination delivering POPs to the 
animals, and that localized sources play a little role in contributions of POPs.  

3.3. Biomagnification factors 

The interpretation of the data resulting from the use of biomagnification factors are focused on 
BMFTL as the BMF and BMFTL* was used in this study as an optional approach for evaluation 
of BMF methods. When the BMF is calculated for the Galapagos sea lion/thread herring case, 
the BMF values were consistent among the methodologies used (Table 2). In contrast, the three 
methods differed markedly from 9 to 9.5x1018 orders of magnitude higher for OC pesticides 
and from 4.8 to 1.9 x107 orders of magnitude higher for PCBs when the predator-prey BMFTL 
approaches versus the conventional CPREDATOR/CPREY ratio in the Galapagos sea lion/mullet 
relationship are compared. These fluctuations appear to be driven by the effect of the 
magnitude resulting from the differences in trophic levels. While the trophic level difference 
(TL predator − TLprey = 1.1) between the Galapagos sea lion and the thread herring is large, the 
trophic level difference (TL predator − TLprey = 0.11) between the Galapagos sea lion and the mullet 
is statistically insignificant (p >0.05) and cannot be used in the calculation of the predator-prey 
BMFTL .Thus, the predator-prey biomagnification factor methodologies (BMFTL) are sensitive to 
small differences in trophic levels (i.e., Galapagos sea lion-mullet). Based on this observation, 
the best way of expressing the BMF is the calculation of the BMF calculated as the 
CPREDATOR/CPREY ratio, which was similar between the Galapagos sea lion/herring and 
Galapagos sea lion/mullet cases.The use of different biomagnification factor measures showed 
that BMFTL and BMFTL* are more appropriate to assess biomagnification if differences in 
trophic levels of predator/prey relationships are large (i.e. >1), as depicted in Table 2.  

Calculated biomagnification factors of OC pesticides and PCB congeners, including octanol-
water (KOW) and octanol-air partition coefficients (KOA), are shown in Table 2. The BMFTL of 
OC pesticides ranged from 7.3 (trans-chlordane) to 140 (p,p’-DDT) kg/kg lipid in Galapagos 
sea lion/thread herring and from 130 (trans-chlordane) to as high as 2000 (p,p’-DDE) kg/kg 
lipid in Galapagos sea lion/mullet, while BMFTL for PCB congeners ranged from 2.7 (PCB 
156) to 30 (PCB 74) kg/kg lipid in Galapagos sea lion/thread herring, and from 11 (PCB 52) to 
72 (PCB 153) kg/kg lipid in Galapagos sea lion/mullet (Table 3). No significant correlations 
were found between the BMFTL of OC pesticides and KOW (Figure 4b,d). Yet, BMFTL values 
decrease for some pesticides (e. g., mirex; trans-chlordane) when a KOW of 105.5 or 106.0 is 
exceeded. As a function of the octanol-air partition coefficient (KOA), the BMFTL for OC 
pesticides increased markedly as the KOA increased from 107.5 to 109, and then dropped for 
the rest of pesticides as KOA exceeds 109.5 (Figure 4a,c). 
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KOA
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∑DDT 6.41 10.7 132 180 122 1630 92.0 3.10 x 1020 
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trans-
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PCB-105 6.80 9.56 8.10 2.20 7.50 20.0 6.95 1.28 x 103 
PCB-118 6.70 8.24 12.0 3.17 11.0 29.0 10.0 3.60 x 104 
PCB 128 7.00 9.16 11.4 3.60 10.5 33.0 9.50 1.10 x 105 
PCB -
138/163/164 7.20 10.0 15.0 5.90 14.0 54.0 12.0 1.10 x 107 

PCB-146 7.30 9.22 11.8 7.33 11.0 67.0 9.80 7.30 x 107 
PCB 153 6.90 9.79 19.0 7.90 18.0 72.0 15.0 1.50 x 108 
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Figure 4. Predator-prey biomagnification factors (BMFTL) in the Galapagos sea lion as expressed by the 
OC pesticide concentration ratios sea lion/ mullet (a, b) and sea lion/ thread herring (c, d) as a function 
of log KOA (a, c) and log KOW (b, d).The figure illustrates that while the Stockholm Convention for POPs 
uses a log KOW> 5 as a criterion to identify bioaccumulative substances, substances including β-HCH 
with a log KOW< 5 can biomagnify in marine mammals. Log KOA appears to be a better predictor of 
substances that have the potential to biomagnify in marine mammals. Values for log KOW and log KOA 

were obtained from Kelly et al. [2] and Mackay et al. [56]. 

The BMFTL of PCBs showed different trends when looking a different prey items in terms of 
KOA. While no correlation was found between the BMFTL of PCBs and log KOA in the 
Galapagos sea lion/ mullet relationship (Figure 5a), BMFTL for PCBs increased as the KOA 
increased from 107.6 to 108.4 and then appeared to decrease gradually with increasing log KOA 
in the Galapagos sea lion/thread herring relationship (Figures 5c). No correlation was found 
between the BMFTL of PCBs and log KOW for the Galapagos sea lion/thread herring or 
Galapagos sea lion/mullet feeding relationship (Figure 5b, d).  

These observations demonstrate that these halogenated substances biomagnify and achieve 
concentrations in Galapagos sea lions that exceed those in their prey, although physiological 
processes and biotransformation may limit the biomagnification of some contaminants. When 
comparing the plots of BMFTL of PCBs versus log KOW or versus log KOA similar patterns were 
observed for both Galapagos sea lion/thread herring and Galapagos sea lion/mullet feeding 
relationships (Figure 5a,d and Figure 5b,d, respectively). This is explained by the strong 
correlation usually observed between log KOA and log KOW of PCBs [53].  
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Figure 5. Predator-prey biomagnification factors (BMFTL) in the Galapagos sea lion as expressed by the 
PCB congeners’ concentration ratios sea lion/mullet (a, b) and sea lion/thread herring (c, d) as a function 
of log KOA (a, c) and log KOW (b, d). For PCBs, log KOW appears to be an adequate predictor of the 
bioaccumulative potential of PCBs in marine mammals because all PCBs tested have a high log KOA> 6. 
Values for log KOW and log KOA were obtained from Kelly et al. [2] and Mackay et al. [56]. 

The BMFTL for organochlorine pesticides expressed by the concentration ratios sea 
lion/thread herring and sea lion/mullet of the Galapagos sea lion are higher than those 
reported for harp seals (Pagophilus groenlandicus) from the contaminated Barents Sea [15], 
(Table 3). However, the BMFTL for PCBs of the Galapagos sea lion are lower than those 
reported for harp seals. This indicates the biomagnification predominance of organochlorine 
pesticides in tropical-equatorial regions versus the predominant biomagnification of PCBs in 
Arctic regions. To further explore these comparisons, the ratio of the BMFTL for p,p’-DDE 
(the DDT dominant metabolite) to the BMFTL for PCB 153 (used here as the most recalcitrant 
PCB congener) was calculated for both species of pinnipeds and then compared. As shown 
in Table 3, the ratio p,p’-DDE BMFTL/PCB 153 BMFTL was much higher in the Galapagos 
compared to that of the Barents Sea, which is driven by the predominance of p,p’-DDE 
biomagnification in the Galapagos. Vapor pressures of organic contaminants are expected to 
be higher in tropical systems due to warmer/higher temperature in comparisons to 
cold/lower temperature in the Arctic; and, therefore, higher thermodynamic gradients and 
increase in concentrations are likely to occur during the trophic transfer of contaminant 
mass from prey to predator, resulting in a high biomagnification factor. 
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Figure 4. Predator-prey biomagnification factors (BMFTL) in the Galapagos sea lion as expressed by the 
OC pesticide concentration ratios sea lion/ mullet (a, b) and sea lion/ thread herring (c, d) as a function 
of log KOA (a, c) and log KOW (b, d).The figure illustrates that while the Stockholm Convention for POPs 
uses a log KOW> 5 as a criterion to identify bioaccumulative substances, substances including β-HCH 
with a log KOW< 5 can biomagnify in marine mammals. Log KOA appears to be a better predictor of 
substances that have the potential to biomagnify in marine mammals. Values for log KOW and log KOA 

were obtained from Kelly et al. [2] and Mackay et al. [56]. 

The BMFTL of PCBs showed different trends when looking a different prey items in terms of 
KOA. While no correlation was found between the BMFTL of PCBs and log KOA in the 
Galapagos sea lion/ mullet relationship (Figure 5a), BMFTL for PCBs increased as the KOA 
increased from 107.6 to 108.4 and then appeared to decrease gradually with increasing log KOA 
in the Galapagos sea lion/thread herring relationship (Figures 5c). No correlation was found 
between the BMFTL of PCBs and log KOW for the Galapagos sea lion/thread herring or 
Galapagos sea lion/mullet feeding relationship (Figure 5b, d).  

These observations demonstrate that these halogenated substances biomagnify and achieve 
concentrations in Galapagos sea lions that exceed those in their prey, although physiological 
processes and biotransformation may limit the biomagnification of some contaminants. When 
comparing the plots of BMFTL of PCBs versus log KOW or versus log KOA similar patterns were 
observed for both Galapagos sea lion/thread herring and Galapagos sea lion/mullet feeding 
relationships (Figure 5a,d and Figure 5b,d, respectively). This is explained by the strong 
correlation usually observed between log KOA and log KOW of PCBs [53].  
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Figure 5. Predator-prey biomagnification factors (BMFTL) in the Galapagos sea lion as expressed by the 
PCB congeners’ concentration ratios sea lion/mullet (a, b) and sea lion/thread herring (c, d) as a function 
of log KOA (a, c) and log KOW (b, d). For PCBs, log KOW appears to be an adequate predictor of the 
bioaccumulative potential of PCBs in marine mammals because all PCBs tested have a high log KOA> 6. 
Values for log KOW and log KOA were obtained from Kelly et al. [2] and Mackay et al. [56]. 

The BMFTL for organochlorine pesticides expressed by the concentration ratios sea 
lion/thread herring and sea lion/mullet of the Galapagos sea lion are higher than those 
reported for harp seals (Pagophilus groenlandicus) from the contaminated Barents Sea [15], 
(Table 3). However, the BMFTL for PCBs of the Galapagos sea lion are lower than those 
reported for harp seals. This indicates the biomagnification predominance of organochlorine 
pesticides in tropical-equatorial regions versus the predominant biomagnification of PCBs in 
Arctic regions. To further explore these comparisons, the ratio of the BMFTL for p,p’-DDE 
(the DDT dominant metabolite) to the BMFTL for PCB 153 (used here as the most recalcitrant 
PCB congener) was calculated for both species of pinnipeds and then compared. As shown 
in Table 3, the ratio p,p’-DDE BMFTL/PCB 153 BMFTL was much higher in the Galapagos 
compared to that of the Barents Sea, which is driven by the predominance of p,p’-DDE 
biomagnification in the Galapagos. Vapor pressures of organic contaminants are expected to 
be higher in tropical systems due to warmer/higher temperature in comparisons to 
cold/lower temperature in the Arctic; and, therefore, higher thermodynamic gradients and 
increase in concentrations are likely to occur during the trophic transfer of contaminant 
mass from prey to predator, resulting in a high biomagnification factor. 
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 Galápagos Islands (Ecuador) 
Galapagos sea lion 

Barents Sea 
Harp seala 

 BMFTL BMFTL 
p,p'-DDE 139−2014 319 
p,p'-DDT 142−760 NR 
∑DDT 122−1631 NR 
β-HCH 63.0−552 4.1 
cis-chlordane 32.7−587 NR 
trans-chlordane 7.34−128 NR 
trans-nonachlor 73.7−1609 141.7 
∑Chlordanes 54.1−1029 NR 
PCB 52 11.0−11.6 NR 
PCB 99 15.5−33.1 147.0 
PCB 101 9.53−17.7 NR 
PCB 105 7.51−20.0 18.1 
PCB 118 11.2−28.8 41.6 
PCB 138 13.9−53.9 327.7 
PCB 153 17.7−72.2 416 
PCB 180 7.72−66.9 NR 
∑PCBs 11.2−37.2 NR 
Ratio BMFTLp,p’-DDE to BMFTL PCB 153 7.85−27.9 0.77 

NR= non reported 
a Borga et al. [15]. 

Table 3. Comparison of BMFTL for remote marine food chains between the Galapagos Islands and an 
Arctic reion for selected organochlorine pesticides and PCBs. The BMFTL for Galapagos sea lions are 
expressed as the range of concentration ratios of both sea lion/thread herring and sea lion/mullet 
feeding relationships. 

3.4. Biomagnification behaviour of POPs in the Galapagos food-chain 

It is well recognized that the increase in organic chemical concentrations in lipids of 
organisms with increasing trophic level in food-webs originates from the magnification of 
the chemical concentration in the gastro-intestinal tract caused by food digestion and 
absorption [5,14]. In this study, the biomagnification capacity of organochlorine 
contaminants in the tropical food chain of the Galapagos sea lion is established (i.e. 
CPREDATOR>CPREY, BMF > 1). 

However, a range of various factors directly or indirectly affect magnification process in 
predators, including animal ecologies and physiologies, feeding preferences, life history 
parameters (sex, age, body size and corporal condition), reproduction, geographic locations 
and stochastic-climatic events. Furthermore, the composition of contaminants can be shaped 
through toxicokinetics processes (i.e., uptake, metabolism, respiration and excretion), 
influencing the persistence and food-web biomagnification of POPs. Due to these factors, it 
is complex to elucidate whether a wild predator is at a steady state with its diet; therefore, 
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calculated BMFs may not always reflect actual biomagnification [54]. As shown in this 
study, predator-prey BMFs revealed the biomagnification capacity of POPs in the food chain 
of the Galapagos sea lions, which is an apex predator possessing flexible feeding preferences 
(dietary plasticity). 

Efficient uptake and dietary assimilation and slow depuration/excretion rates of these 
compounds (PCBs with KOW ranging 105−107, and OC pesticides KOW ranging 103.8−107.0) 
explain the high degree of biomagnification in the Galapagos marine food chain. Dietary 
absorption efficiencies of Penta and Hexachlorobiphenyls are typically between 50-80% in 
fish and 90-100% in mammals [55] and chemical half-lives (t1/2) for recalcitrant PCBs such as 
PCB 153 in organisms exceed 1000 days [56]. The analysis of BMFTL estimates of PCBs and 
OC pesticides (Figures 4-5) indicates that OC pesticides and PCBs are accumulated by fish 
and sea lions and also biomagnify in the food chain. Based on contaminants’ predator-prey 
BMFs, the DDT metabolites, p,p’-DDT and p,p’-DDE, followed by trans-nonachlor (Figure 4), 
are the most bioaccumulative pesticides, while PCB 74 and 153 are the most 
bioaccumulative PCB congeners in the Galapagos sea lion (Figures 5). The less 
bioaccumulative compounds are trans-chlordane and PCB 156. 

Of particular importance is the biomagnification behaviour of β-HCH with a KOW< 104 (KOW = 
103.8; Figure 4b,d), but with a KOA of 108.9−1010.5 (Figure 4a,c), contrasting with the regulatory 
criteria and current management policies (i.e. Stockholm Convention; CEPA) for POPs that 
consider only chemicals with KOW values >105 as bioaccumulative substances [7]. The predator-
prey biomagnification factors (BMFTL = 63−552) of β-HCH in Galapagos sea lions exceed 
equivalent biomagnification factors of PCB 153 (BMFTL =18.0−72.2) and PCB 74 (BMFTL 
=30.0−72.0), as shown in Table 2. This portrays that β-HCH, a relatively hydrophilic and 
nonmetabolizable chemical, biomagnifies in the tropical marine mammalian food chain of an air 
breathing organism (the Galapagos sea lions), which is explained by the relatively high KOAof β-
HCH (KOA> 107.0) and its negligible respiratory elimination. Biomagnification of β-HCH was 
evident in the lichen-caribou-wolf terrestrial food chain, in the maritime and interior grizzly 
bears’ food chains, and in a marine mammalian food web (including water-respiring and air-
breathing organisms) from temperate regions of Canada and the Canadian Arctic [2,14,19]. 

3.5. Environmental transport of contaminants 

Lack of significant differences and consistent uniformity of PCBs and OC pesticides, 
particularly for PCBs, among sites might indicate common sources of contamination. 
Concentrations of PCBs were also similar among rookeries in an earlier baseline study [34], 
although DDT concentrations were found to be significantly different [35]. Furthermore, 
principal components analysis represented a more comprehensive approach for exploring 
spatial differences and behaviour of POPs. The two first principal components (i.e., PC 1 
and PC2) accounted for 55.2% of the total variation in Galapagos sea lion pups. PCA score 
plot results for the 2008 data further revealed that contaminants follow a similar trend, 
aggregated near to the centre of the axes, among sites, showing lack of discrimination and 
differentiation in contaminant patterns (Figure 6a). The first principal component (i.e., 
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p,p'-DDE 139−2014 319 
p,p'-DDT 142−760 NR 
∑DDT 122−1631 NR 
β-HCH 63.0−552 4.1 
cis-chlordane 32.7−587 NR 
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PCB 52 11.0−11.6 NR 
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∑PCBs 11.2−37.2 NR 
Ratio BMFTLp,p’-DDE to BMFTL PCB 153 7.85−27.9 0.77 

NR= non reported 
a Borga et al. [15]. 

Table 3. Comparison of BMFTL for remote marine food chains between the Galapagos Islands and an 
Arctic reion for selected organochlorine pesticides and PCBs. The BMFTL for Galapagos sea lions are 
expressed as the range of concentration ratios of both sea lion/thread herring and sea lion/mullet 
feeding relationships. 

3.4. Biomagnification behaviour of POPs in the Galapagos food-chain 

It is well recognized that the increase in organic chemical concentrations in lipids of 
organisms with increasing trophic level in food-webs originates from the magnification of 
the chemical concentration in the gastro-intestinal tract caused by food digestion and 
absorption [5,14]. In this study, the biomagnification capacity of organochlorine 
contaminants in the tropical food chain of the Galapagos sea lion is established (i.e. 
CPREDATOR>CPREY, BMF > 1). 

However, a range of various factors directly or indirectly affect magnification process in 
predators, including animal ecologies and physiologies, feeding preferences, life history 
parameters (sex, age, body size and corporal condition), reproduction, geographic locations 
and stochastic-climatic events. Furthermore, the composition of contaminants can be shaped 
through toxicokinetics processes (i.e., uptake, metabolism, respiration and excretion), 
influencing the persistence and food-web biomagnification of POPs. Due to these factors, it 
is complex to elucidate whether a wild predator is at a steady state with its diet; therefore, 
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calculated BMFs may not always reflect actual biomagnification [54]. As shown in this 
study, predator-prey BMFs revealed the biomagnification capacity of POPs in the food chain 
of the Galapagos sea lions, which is an apex predator possessing flexible feeding preferences 
(dietary plasticity). 

Efficient uptake and dietary assimilation and slow depuration/excretion rates of these 
compounds (PCBs with KOW ranging 105−107, and OC pesticides KOW ranging 103.8−107.0) 
explain the high degree of biomagnification in the Galapagos marine food chain. Dietary 
absorption efficiencies of Penta and Hexachlorobiphenyls are typically between 50-80% in 
fish and 90-100% in mammals [55] and chemical half-lives (t1/2) for recalcitrant PCBs such as 
PCB 153 in organisms exceed 1000 days [56]. The analysis of BMFTL estimates of PCBs and 
OC pesticides (Figures 4-5) indicates that OC pesticides and PCBs are accumulated by fish 
and sea lions and also biomagnify in the food chain. Based on contaminants’ predator-prey 
BMFs, the DDT metabolites, p,p’-DDT and p,p’-DDE, followed by trans-nonachlor (Figure 4), 
are the most bioaccumulative pesticides, while PCB 74 and 153 are the most 
bioaccumulative PCB congeners in the Galapagos sea lion (Figures 5). The less 
bioaccumulative compounds are trans-chlordane and PCB 156. 

Of particular importance is the biomagnification behaviour of β-HCH with a KOW< 104 (KOW = 
103.8; Figure 4b,d), but with a KOA of 108.9−1010.5 (Figure 4a,c), contrasting with the regulatory 
criteria and current management policies (i.e. Stockholm Convention; CEPA) for POPs that 
consider only chemicals with KOW values >105 as bioaccumulative substances [7]. The predator-
prey biomagnification factors (BMFTL = 63−552) of β-HCH in Galapagos sea lions exceed 
equivalent biomagnification factors of PCB 153 (BMFTL =18.0−72.2) and PCB 74 (BMFTL 
=30.0−72.0), as shown in Table 2. This portrays that β-HCH, a relatively hydrophilic and 
nonmetabolizable chemical, biomagnifies in the tropical marine mammalian food chain of an air 
breathing organism (the Galapagos sea lions), which is explained by the relatively high KOAof β-
HCH (KOA> 107.0) and its negligible respiratory elimination. Biomagnification of β-HCH was 
evident in the lichen-caribou-wolf terrestrial food chain, in the maritime and interior grizzly 
bears’ food chains, and in a marine mammalian food web (including water-respiring and air-
breathing organisms) from temperate regions of Canada and the Canadian Arctic [2,14,19]. 

3.5. Environmental transport of contaminants 

Lack of significant differences and consistent uniformity of PCBs and OC pesticides, 
particularly for PCBs, among sites might indicate common sources of contamination. 
Concentrations of PCBs were also similar among rookeries in an earlier baseline study [34], 
although DDT concentrations were found to be significantly different [35]. Furthermore, 
principal components analysis represented a more comprehensive approach for exploring 
spatial differences and behaviour of POPs. The two first principal components (i.e., PC 1 
and PC2) accounted for 55.2% of the total variation in Galapagos sea lion pups. PCA score 
plot results for the 2008 data further revealed that contaminants follow a similar trend, 
aggregated near to the centre of the axes, among sites, showing lack of discrimination and 
differentiation in contaminant patterns (Figure 6a). The first principal component (i.e., 
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loading plots, PC1: 40.1% of the total variance) segregated in a significant degree the heavier 
PCB congeners (upper and lower left quadrants) from the lighter PCBs (upper and lower 
right quadrants; as seen in Figure 6b). A high positive PC1 score was correlated with higher 
percentages of low chlorinated PCBs (e.g., PCBs 43/49, 47/48/49, 52, 60, 61, 66, 74, 85, 
86/97,87, 92, 95, 101, 110, 123, 132, 135, 136, 141, 144, 149) and p,p’-DDD, p,p’-DDT, dieldrin, 
cis-nonachlor, trans-chlordane, cis-chlordane and β-HCH, while a high negative score in PC 1 
(upper and lower left quadrant) was correlated with a lower proportion of heavily and several, 
more persistent chlorinated PCBs (e. g. PCBs 118, 138/163/164, 137, 153, 158/160, 171, 177, 180, 
183, 170/190, 172/192, 193, 194, 195, 196/203, 201, 202), as well as the semi-volatile and more 
bioaccumulative p,p’-DDE. These patterns show that PC1 appeared to be related to vapour 
pressure (Henry’s Law constant or H) due to a high contribution of more volatile halogenated 
contaminants (pesticides) and less chlorinated (lighter) PCB congeners. A significant 
correlation was also observed between the log of the Henry’s law constant (Log H) for the 
PCBs and PC1 (the variable loadings of the first principal component;p < 0.05, r = 0.27; Figure 
7), suggesting that log H represented an important factor influencing the transport pathways 
and partitioning of PCB mixtures in remote environments; and, therefore, affecting the 
ultimate composition pattern observed in Galapagos sea lions. The Henry’s law constant for 
each PCB is a fundamental parameter that represents the air-water equilibrium partitioning 
between surface waters and the atmosphere [57]. This indicates that local sources of exposure 
for high chlorinated PCBs are minimal in the Galapagos and that most of the contamination by 
POPs is coming from common atmospheric or continental sources.  

Dieldrin is a metabolite of aldrin, which was used for agriculture and public health 
purposes at beginning of the 1950s until its production was cancelled in 1989 in North 
America, but as with other pesticides, it continues to enter the environment via erosion of 
soils contaminated in the past and atmospheric deposition [58]. Mirex is a very unreactive 
and hydrophobic insecticide that was used in North America to control fire ants and as a fire 
retardant, persisting in the environment because of chronic small inputs from the 
atmosphere [59]. The presence of this compound in these blubber samples might be related 
to the past use of mirex in continental Ecuador [60] because of the possible use as insecticide 
(bait) to control invasive ants in the Galapagos and continental Ecuador. β-HCH is a major 
constituent of technical HCHs, which is likely one of the sources of this residue. Another 
potential source of β-HCH can be lindane (i.e., γ-HCH) since this pesticide is currently being 
used in several countries in the southern hemisphere as evidenced by its detection in 
blubber samples of southern elephant seals and minke whales (Balaenoptera acutorostrata) 
from the Antarctic Ocean [49, 61]. At the continental coast of Ecuador, lindane has recently 
been detected in sediments and aquatic organisms from the Taura River in the Gulf of 
Guayaquil [62]. The atmospheric influx of HCHs source formulations used in the Asian and 
South American tropics (i.e., lindane) and North America (i.e. technical HCH) might explain 
the incidence of β-HCH in these samples. Uncertain records of use of legacy OC pesticides 
exist for the Galapagos, although anecdotic suggested the use of CUP for agriculture (Dr. 
Alan Tye, former Head Scientist, Department of Plant and Invertebrate Science, Charles 
Darwin Foundation, Galapagos Islands), and the widespread use of DDT to eliminate 
introduced rats in the Galapagos by the US Armed Forces during the 1940s and 1950s [35].  
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Figure 6. Principal components analysis where the variance accounted for by each principal component 
is shown in parentheses after the axis label: (a) score plots for patterns of POPs for the first two 
principal components shows that most of the pups from different rookeries have a similar contaminant 
pattern, as demonstrated here by the sample scores plot (t1 and t2) of 20 individuals; (b) loadings plots 
(PC1 and PC2) showing values of individual PCB congeners and pesticides in Galapagos sea lion pups, 
where numbers are PCB congeners based on the IUPAC system. 
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loading plots, PC1: 40.1% of the total variance) segregated in a significant degree the heavier 
PCB congeners (upper and lower left quadrants) from the lighter PCBs (upper and lower 
right quadrants; as seen in Figure 6b). A high positive PC1 score was correlated with higher 
percentages of low chlorinated PCBs (e.g., PCBs 43/49, 47/48/49, 52, 60, 61, 66, 74, 85, 
86/97,87, 92, 95, 101, 110, 123, 132, 135, 136, 141, 144, 149) and p,p’-DDD, p,p’-DDT, dieldrin, 
cis-nonachlor, trans-chlordane, cis-chlordane and β-HCH, while a high negative score in PC 1 
(upper and lower left quadrant) was correlated with a lower proportion of heavily and several, 
more persistent chlorinated PCBs (e. g. PCBs 118, 138/163/164, 137, 153, 158/160, 171, 177, 180, 
183, 170/190, 172/192, 193, 194, 195, 196/203, 201, 202), as well as the semi-volatile and more 
bioaccumulative p,p’-DDE. These patterns show that PC1 appeared to be related to vapour 
pressure (Henry’s Law constant or H) due to a high contribution of more volatile halogenated 
contaminants (pesticides) and less chlorinated (lighter) PCB congeners. A significant 
correlation was also observed between the log of the Henry’s law constant (Log H) for the 
PCBs and PC1 (the variable loadings of the first principal component;p < 0.05, r = 0.27; Figure 
7), suggesting that log H represented an important factor influencing the transport pathways 
and partitioning of PCB mixtures in remote environments; and, therefore, affecting the 
ultimate composition pattern observed in Galapagos sea lions. The Henry’s law constant for 
each PCB is a fundamental parameter that represents the air-water equilibrium partitioning 
between surface waters and the atmosphere [57]. This indicates that local sources of exposure 
for high chlorinated PCBs are minimal in the Galapagos and that most of the contamination by 
POPs is coming from common atmospheric or continental sources.  

Dieldrin is a metabolite of aldrin, which was used for agriculture and public health 
purposes at beginning of the 1950s until its production was cancelled in 1989 in North 
America, but as with other pesticides, it continues to enter the environment via erosion of 
soils contaminated in the past and atmospheric deposition [58]. Mirex is a very unreactive 
and hydrophobic insecticide that was used in North America to control fire ants and as a fire 
retardant, persisting in the environment because of chronic small inputs from the 
atmosphere [59]. The presence of this compound in these blubber samples might be related 
to the past use of mirex in continental Ecuador [60] because of the possible use as insecticide 
(bait) to control invasive ants in the Galapagos and continental Ecuador. β-HCH is a major 
constituent of technical HCHs, which is likely one of the sources of this residue. Another 
potential source of β-HCH can be lindane (i.e., γ-HCH) since this pesticide is currently being 
used in several countries in the southern hemisphere as evidenced by its detection in 
blubber samples of southern elephant seals and minke whales (Balaenoptera acutorostrata) 
from the Antarctic Ocean [49, 61]. At the continental coast of Ecuador, lindane has recently 
been detected in sediments and aquatic organisms from the Taura River in the Gulf of 
Guayaquil [62]. The atmospheric influx of HCHs source formulations used in the Asian and 
South American tropics (i.e., lindane) and North America (i.e. technical HCH) might explain 
the incidence of β-HCH in these samples. Uncertain records of use of legacy OC pesticides 
exist for the Galapagos, although anecdotic suggested the use of CUP for agriculture (Dr. 
Alan Tye, former Head Scientist, Department of Plant and Invertebrate Science, Charles 
Darwin Foundation, Galapagos Islands), and the widespread use of DDT to eliminate 
introduced rats in the Galapagos by the US Armed Forces during the 1940s and 1950s [35].  
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Figure 6. Principal components analysis where the variance accounted for by each principal component 
is shown in parentheses after the axis label: (a) score plots for patterns of POPs for the first two 
principal components shows that most of the pups from different rookeries have a similar contaminant 
pattern, as demonstrated here by the sample scores plot (t1 and t2) of 20 individuals; (b) loadings plots 
(PC1 and PC2) showing values of individual PCB congeners and pesticides in Galapagos sea lion pups, 
where numbers are PCB congeners based on the IUPAC system. 
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Figure 7. Relationship between the Henry’s law constant (Log H) for polychlorinated biphenyl (PCB) 
congeners and the first principal component (PC1). PC1 is significantly correlated with Log H for PCB 
congeners, suggesting that Galapagos sea lions from the remote Galapagos Islands are more exposed to 
light PCB mixtures, consistent with atmospheric signals. Numbers are PCB congeners based on the 
IUPAC system.  

The long range atmospheric transport coupled with global fractionation have usually been 
described as the major mechanism delivering POPs from lower or mid latitudes to the polar 
regions [11, 63, 64], but it is likely that a similar mechanism or redistribution from mid 
latitudes may be also expanding or delivering volatile or semi-volatile pesticides such as 
HCHs and DDTs to isolated islands around the equator (i.e., the Galapagos Archipelago). 
These observations suggest that the contamination by organochlorine pesticides might be 
coming from both local and continental sources because pesticides were used in the recent 
past in countries in the southern hemisphere [49, 65]. Trans-Pacific air pollution of 
contaminants from tropical Asia to the eastern Pacific [63, 66] cannot be ruled out as a global 
and common pathway of POPs of atmospheric origin. 

3.6. Health risk assessment 

The health risk of POP biomagnification in Galapagos sea lions is of serious concern in the 
long term, as we have previously reported that 1% of the male pups exceeded the p,p’-DDE 
toxic effect concentration associated with potent anti-androgenic effects [35]. DDT 
concentrations in Galapagos sea lion pups are near levels expected to be associated with 
impacts on the immune systems, and in minor degree on the endocrine systems in males. 
Adult male Galapagos sea lions can be expected to exhibit DDT concentrations that are 
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higher than those in pups as DDTs accumulate throughout the animal’s life because they are 
unable to offload contaminants during reproduction [35].While concentrations of DDTs pose 
protracted health risk because of lifetime exposure, the ∑PCB concentrations in Galapagos 
sea lion pups were lower than the new toxicity reference value of1,300 μg/kg lipid for risk of 
immunotoxicity and endocrine disruption in harbor seals [67]. Other POPs with a similar 
mode of toxicity such as polybrominated diphenyl ether (PBDEs) flame retardants, which 
were also detected recently in these animals [34], can further exacerbate the immune and 
endocrine response. A compromised immune and endocrine system impairs the ability of 
animals to combat disease and to successfully reproduce. 

4. Conservation implications and future research 

The Galapagos is one of the last evolutionary biology labs to preserve biodiversity. Yet, it 
has already been declared a UNESCO-Heritage site at risk because of invasive species, 
escalating human population growth and burgeoning tourism [68]. This study corroborated 
that POPs biomagnify to a significant degree in the tropical marine food chain of the 
Galapagos’ marine ecosystem. This has important implications for management and control 
of organochlorine pesticides and conservation of marine ecosystems in tropical regions since 
pollution in the Galapagos has been categorized as an aesthetic issue rather than a chronic 
problem.  

Recently, the World Health Organization (WHO) has reactivated the use of the malaria 
mosquito-fighting pesticide DDT in tropical countries because of increasing malaria cases 
[69]. While the concentrations of DDT and associated health risks in wildlife are generally 
believed to be declining, this may no longer be the case in tropical countries where DDT is 
increasingly used and can biomagnify in food chains. A renewed use of DDT to combat 
malaria is likely to increase DDT concentrations in the Southern Hemisphere and in 
particular put bird and marine mammal populations at greater risk because of the 
biomagnification of these substances in their food webs. 

Since the ratification of the UN Stockholm Convention on POPs by Ecuador in 2004, the 
National Plan for the Inventory and Management of POPs was undertaken [70, 71]. DDT is 
included on Schedule 2 of the Stockholm Convention because of its damaging health effects 
in human and wildlife populations. Continuation of this initiative will help to control DDT 
contamination in the Galapagos. While DDT can save human lives, it can also adversely 
affect wildlife, local food production and opportunities for ecotourism. DDT use requires 
that tradeoffs need to be made between the conservation of valued, sensitive wildlife (e.g. 
Galapagos sea lions), fragile ecosystems and public health programs to control malaria.  

Additional research and field sampling efforts may include other organisms integrating the 
trophic guilds of the Galapagos sea lion food web by measuring legacy and emerging POPs, 
stable isotopes and subsequent estimations of trophic levels. This will allow assessing in a 
higher degree the food web amplification of pollutants through the use of TMFs and food 
web bioaccumulation models in marine ecosystem of the remote Galapagos Islands. 
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Figure 7. Relationship between the Henry’s law constant (Log H) for polychlorinated biphenyl (PCB) 
congeners and the first principal component (PC1). PC1 is significantly correlated with Log H for PCB 
congeners, suggesting that Galapagos sea lions from the remote Galapagos Islands are more exposed to 
light PCB mixtures, consistent with atmospheric signals. Numbers are PCB congeners based on the 
IUPAC system.  

The long range atmospheric transport coupled with global fractionation have usually been 
described as the major mechanism delivering POPs from lower or mid latitudes to the polar 
regions [11, 63, 64], but it is likely that a similar mechanism or redistribution from mid 
latitudes may be also expanding or delivering volatile or semi-volatile pesticides such as 
HCHs and DDTs to isolated islands around the equator (i.e., the Galapagos Archipelago). 
These observations suggest that the contamination by organochlorine pesticides might be 
coming from both local and continental sources because pesticides were used in the recent 
past in countries in the southern hemisphere [49, 65]. Trans-Pacific air pollution of 
contaminants from tropical Asia to the eastern Pacific [63, 66] cannot be ruled out as a global 
and common pathway of POPs of atmospheric origin. 

3.6. Health risk assessment 

The health risk of POP biomagnification in Galapagos sea lions is of serious concern in the 
long term, as we have previously reported that 1% of the male pups exceeded the p,p’-DDE 
toxic effect concentration associated with potent anti-androgenic effects [35]. DDT 
concentrations in Galapagos sea lion pups are near levels expected to be associated with 
impacts on the immune systems, and in minor degree on the endocrine systems in males. 
Adult male Galapagos sea lions can be expected to exhibit DDT concentrations that are 
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higher than those in pups as DDTs accumulate throughout the animal’s life because they are 
unable to offload contaminants during reproduction [35].While concentrations of DDTs pose 
protracted health risk because of lifetime exposure, the ∑PCB concentrations in Galapagos 
sea lion pups were lower than the new toxicity reference value of1,300 μg/kg lipid for risk of 
immunotoxicity and endocrine disruption in harbor seals [67]. Other POPs with a similar 
mode of toxicity such as polybrominated diphenyl ether (PBDEs) flame retardants, which 
were also detected recently in these animals [34], can further exacerbate the immune and 
endocrine response. A compromised immune and endocrine system impairs the ability of 
animals to combat disease and to successfully reproduce. 

4. Conservation implications and future research 

The Galapagos is one of the last evolutionary biology labs to preserve biodiversity. Yet, it 
has already been declared a UNESCO-Heritage site at risk because of invasive species, 
escalating human population growth and burgeoning tourism [68]. This study corroborated 
that POPs biomagnify to a significant degree in the tropical marine food chain of the 
Galapagos’ marine ecosystem. This has important implications for management and control 
of organochlorine pesticides and conservation of marine ecosystems in tropical regions since 
pollution in the Galapagos has been categorized as an aesthetic issue rather than a chronic 
problem.  

Recently, the World Health Organization (WHO) has reactivated the use of the malaria 
mosquito-fighting pesticide DDT in tropical countries because of increasing malaria cases 
[69]. While the concentrations of DDT and associated health risks in wildlife are generally 
believed to be declining, this may no longer be the case in tropical countries where DDT is 
increasingly used and can biomagnify in food chains. A renewed use of DDT to combat 
malaria is likely to increase DDT concentrations in the Southern Hemisphere and in 
particular put bird and marine mammal populations at greater risk because of the 
biomagnification of these substances in their food webs. 

Since the ratification of the UN Stockholm Convention on POPs by Ecuador in 2004, the 
National Plan for the Inventory and Management of POPs was undertaken [70, 71]. DDT is 
included on Schedule 2 of the Stockholm Convention because of its damaging health effects 
in human and wildlife populations. Continuation of this initiative will help to control DDT 
contamination in the Galapagos. While DDT can save human lives, it can also adversely 
affect wildlife, local food production and opportunities for ecotourism. DDT use requires 
that tradeoffs need to be made between the conservation of valued, sensitive wildlife (e.g. 
Galapagos sea lions), fragile ecosystems and public health programs to control malaria.  

Additional research and field sampling efforts may include other organisms integrating the 
trophic guilds of the Galapagos sea lion food web by measuring legacy and emerging POPs, 
stable isotopes and subsequent estimations of trophic levels. This will allow assessing in a 
higher degree the food web amplification of pollutants through the use of TMFs and food 
web bioaccumulation models in marine ecosystem of the remote Galapagos Islands. 
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Our findings provide sound scientific information on food chain contamination and 
potential ecological impacts in the Galapagos that can be used for conservation plans at the 
ecosystem level, and portrays the implications for environmental management and control 
of bioaccumulative, persistent and toxic contaminants (e. g. DDT). Finally, this study serves 
as a reference point against which possible future impact of DDT use in tropical marine 
ecosystems can be measured, underlying the use of more environmental friendly substances 
to control pests and vectors in developing countries. 
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Our findings provide sound scientific information on food chain contamination and 
potential ecological impacts in the Galapagos that can be used for conservation plans at the 
ecosystem level, and portrays the implications for environmental management and control 
of bioaccumulative, persistent and toxic contaminants (e. g. DDT). Finally, this study serves 
as a reference point against which possible future impact of DDT use in tropical marine 
ecosystems can be measured, underlying the use of more environmental friendly substances 
to control pests and vectors in developing countries. 
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1. Introduction 

The need to study, evaluate and understand the impacts of marine pollution on marine life 
is real and urgent. We depend on the ocean for food, transportation, economic gain, leisure 
and to enhance the quality of our lives. The residence times of pollutants in ocean water are 
short. The pollutants either settle to the bottom and attach to sediments or enter the food 
chain and accumulate in marine organisms. These outcomes mean that the only effective 
ways to assess marine pollution are to study the concentrations of pollutants in sediments or 
to study them in marine organisms. The average depth of the world ocean is 3,790 meters 
making it technically impractical to assess pollutants in sediments worldwide because of the 
great ocean depths under extreme pressures and vast amount of area. Thus, the best approach 
to assessing ocean pollution is to study it in marine organisms and, because of their 
relationship to humans (both biologically, culturally and inspirationally) and their ability to 
integrate air, water and prey, the best marine organisms to focus on are marine mammals. 

There are many marine mammal species. Many of them are listed as endangered or 
threatened. A species that is considered to be one of the most endangered in the world is the 
North Atlantic right whale. Their population numbers only about 400 individuals [1]. This 
species suffers detrimental losses to their population through boat strikes and 
entanglements in fishing gear [1]. Regulations are being implemented to prevent extinction; 
however, boat strikes and entanglements may not be the only reason the population 
numbers remain so low. Other factors, perhaps pollutants, might be affecting the overall 
survival and reproductive ability of these animals [2].  
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Ocean pollution is a threat to marine mammals. Some pollutants cause obvious and direct 
harm to the animals such as plastics and other debris. Others can be less evident, such as, 
agricultural runoff and industrial wastes. Industrial wastes can include air pollution that the 
animals breathe in and pollutants that can be found at different levels of the water column. 
These types of pollutants can have long term and persistent exposures. 

Whales are exposed to all environmental pollutants that reach the ocean. They spend time at 
the surface and travel throughout the water column so they are exposed to pollutants that 
remain at the surface and those that disperse through the water column. They experience 
dermal exposure through pollutants in the water. They feed at different depths so they get 
pollutants through ingesting animals that may have accumulated them. They all breathe air 
and, thus, are exposed to air pollutants. Consequently, they make excellent models to use 
for studying the threats and consequences of ocean pollution. The challenge, of course, is to 
develop an approach for studying the toxicology of marine pollution in marine mammals 
that provides species specific data along with an individual and population context. 

Marine mammal research is difficult and expensive. There are laws that have been 
implemented to specifically protect marine mammals. Some species not only fall under this 
protection but also are protected by the Endangered Species Act. Thus, research with these 
animals is strictly enforced and regulated through various permitting agencies (eg, National 
Marine Fisheries Service (NMFS) and United States Fish and Wildlife Service, USFWS). 
These permits limit the amount, time and ways they can be studied. In addition to the 
permits, properly trained personnel and proper equipment are required. Whales in 
particular are difficult to study because they are typically found far from shore requiring 
extensive travel and vessel time. There is specialized equipment to aid in finding the whales 
while they are underwater but most of the search requires visual sightings of animals for the 
short period of time they are at the surface, requiring trained crew to be on watch during all 
daytime hours in a variety of environmental conditions. Because of these factors, 
researching whales is a particularly challenging task and one that requires careful use of 
resources and the ability to extract as much information as possible. 

A unique and effective way to study marine mammals is through skin biopsies. The skin can 
be used to determine the genetics of an individual which can allow for gender identification 
as well as determining intraspecific relationships, genetic diversity of different 
subpopulations and tracking individual animals over time. Biopsies can provide important 
information about environmental pollutants and their effects. For example, they can be used 
to measure the levels of metals because many metals are known to accumulate in the skin. 
Through a skin biopsy, blubber is also collected which can be measured for a variety of 
organic pollutants. In addition, the interface between the skin and blubber can be used to 
create living cell lines. These cell lines can further be used to determine the toxicity of a 
pollutant by measuring levels of toxicity and DNA damage.  

In this chapter we use chromium as an example for how skin biopsies of free ranging whales 
can be used to evaluate the environmental impact of a particular ocean contaminant. We 
chose to use chromium because it is a known carcinogen and a known reproductive and 
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developmental toxicant that is understudied in the marine environment [3]. Our approach is 
straightforward: 1) Determine if Cr exposure has occurred, 2) Determine if Cr is cytotoxic 
and genotoxic to cultured whale cells and 3) Compare data in cultured whale cells to levels 
in whale tissue to gain a toxic context. We exemplify this using biopsy samples from both 
sperm whales and North Atlantic right whales. 

2. Materials and methods 

2.1. Determining if Cr exposure has occurred in whales 

2.1.1. Biopsy collection 

Whale skin biopsies were collected using a specialized biopsy dart and crossbow according 
to standard methods [4]. The biopsy dart has a stainless steel tip that collects a skin sample 
that is about 25 mm long or less and 7 mm in diameter. A buoyant stopper located behind 
the tip prevents the biopsy dart from penetrating beyond the depth of the tip. The stopper 
causes the dart to bounce off and float for an easy retrieval with a net. Tips are stored in 70% 
ethanol until use. Upon retrieval, the tissue sample is removed from the tip using Teflon 
forceps and placed into a glass Petri dish.  

2.1.2. Biopsy processing 

The skin and blubber were separated leaving the interface to be used for skin fibroblast cell 
growth. The blubber and skin were used for analysis of genetics, levels of metals and 
organics. The interface, once isolated, was immersed in a tissue buffer (PBS with 20% 
penn/strep and 2% gentamicin) for 30 minutes to get rid of any bacteria that may have been 
present on the skin. Tissue was then placed in a Petri dish and cut into approximately 1 mm 
pieces. These pieces were transferred into two T-25 flask with 1 ml of medium (DMEM-F12, 
cosmic calf serum, L-glutamine, penicillin, streptomycin, sodium pyruvate) and placed 
upside down in a 33°C humidified incubator with 5% CO2. After 24 h, 5 ml of medium was 
added and the flask was gently turned right side up and monitored for cell growth. Living 
cells typically plated out on the flask directly from the tissue explants within one week.  

2.1.3. Measuring Levels in the Skin from the Biopsy 

The whale skin biopsies were analyzed using inductively coupled plasma mass 
spectroscopy to determine the total chromium in the tissue according to published methods 
using a Perkin-Elmer/Sciex ELAN ICPMS. Samples were rinsed with deionized water and 
allowed to air dry in a laminar flow hood to minimize contamination. Approximately 0.1 g 
of tissue was placed in a digestion vessel, 2 ml of Optima grade nitric acid was added, the 
vessel placed in a hot block, and refluxed at 95°C for 4 h. The sample was cooled, 2 ml 
Optima grade hydrogen and deionized water (3:2 v/v) was added, heated until the 
effervescence subsided, cooled, and brought up to a final volume of 20 ml. Standard quality 
assurance procedures were employed (Table 1) and include the analysis of standard 
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developmental toxicant that is understudied in the marine environment [3]. Our approach is 
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and genotoxic to cultured whale cells and 3) Compare data in cultured whale cells to levels 
in whale tissue to gain a toxic context. We exemplify this using biopsy samples from both 
sperm whales and North Atlantic right whales. 

2. Materials and methods 

2.1. Determining if Cr exposure has occurred in whales 

2.1.1. Biopsy collection 

Whale skin biopsies were collected using a specialized biopsy dart and crossbow according 
to standard methods [4]. The biopsy dart has a stainless steel tip that collects a skin sample 
that is about 25 mm long or less and 7 mm in diameter. A buoyant stopper located behind 
the tip prevents the biopsy dart from penetrating beyond the depth of the tip. The stopper 
causes the dart to bounce off and float for an easy retrieval with a net. Tips are stored in 70% 
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reference materials, a duplicate sample and a pre-digestion spike. Instrument response was 
evaluated initially and after 10 samples, using commercially available calibration 
verification standards and a blank. All calibration verifications were within the acceptance 
criterion of 85-115% recovery and the preparation blank values were below 3x the limit of 
detection. Standard reference materials were used to assess method performance, where 
applicable. Interference check solutions were analyzed with all sample runs to check for 
matrix effects which might be interfering with sample analysis. The mean limit of detection 
(LOD) was the lowest analyte concentration likely to be reliably distinguished from the 
blank and at which detection is feasible. The LOD was previously determined by utilizing 
both the measured blank and test replicates of a matrix matched sample known to contain a 
low concentration of analyte. All samples were diluted 2x for analysis by ICP-MS. All data 
are presented as ug/g wet weight. 

2.2. Determining if Cr is cytotoxic and genotoxic to cultured whale cells 

2.2.1. Chemical treatments 

There are two major biologically relevant valence states for chromium, hexavalent and 
trivalent, with the hexavalent forms considered more potent than the soluble forms. This study 
focused on the hexavalent form because the marine environment favors the hexavalent form 
[5]. Moreover, the total Cr levels in the whales were found to be high and considering that 
Cr(III) is poorly absorbed by mammals [6], for the whales to accumulate these levels of total 
Cr, the original exposure to Cr would almost certainly have been to Cr(VI). 

We treated whale cells with both a water soluble (sodium chromate) and a water-insoluble 
particulate (lead chromate) to determine its ability to induce DNA damage. The concentration 
units for the two chemicals are different (uM for sodium chromate and ug/cm2 for lead 
chromate) because sodium chromate dissolves fully in water and thus is a solution, while lead 
chromate does not and instead forms a slurry of particles in water. The cells were treated with 
this slurry of intact particles. Since all the lead chromate is not dissolved to express it in units 
of molarity would overestimate the dose. Thus, its units are weight per surface area.  

2.2.2. Cytotoxicity assay 

Cells were seeded into a 6 well plate and allowed to grow for 48 h. The cells were treated for 
24 h with 1-25 uM of sodium chromate or 0.05-10 ug/cm2 lead chromate. After 24 h we 
harvested the cells using a standard protocol [7]. Briefly, cells were harvested, counted and 
re-plated into 100 mm dishes at colony forming density, allowed to grow approximately 2 
weeks, then stained and counted. Treated dishes were compared to the untreated control.  

2.2.3. Chromosome damage assay 

Cells were seeded into 100 mm dishes and allowed to grow for 48 h and treated as they 
were in the cytotoxicity assay described above. Cells were harvested and analyzed using 
published protocols [7]. Briefly, cells were harvested, treated with potassium chloride to 
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swell the cells, fixed and dropped onto slides. Slides were stained with Giemsa, 
coverslipped and 100 metaphases were analyzed per treatment concentration.  

3. Results 

3.1. Determining if exposure has occurred 

Once a skin biopsy was collected from a free ranging whale the skin was used to measure the 
levels of chromium present. The different valence states of chromium cannot accurately be 
determined, so we measured the total level of chromium in the tissue (Figure 1). For North 
Atlantic right whales in the Bay of Fundy, 7 biopsies were collected. The total chromium levels 
in right whale skin (wet weight) ranged from 4.9 to 10 ug Cr/g tissue with an average of 7.0 ug 
Cr/g tissue. (Figure 1A). For sperm whales, 331 biopsies were collected from 17 different 
regions around the globe. In sperm whales, the total chromium ranged from 0.9 to 122.6 ug 
Cr/g tissue with an average of 9.3 ug/g w.w (Figure 1B). The highest mean levels by region 
were found in the Bahamas with an average of 81.9 ug/g w.w for 2 animals. The average was 
slightly higher in sperm whale tissues than North Atlantic right whale tissues (Figure 1C). 

3.2. Determining if Cr is cytotoxic and genotoxic to cultured whale cells 

3.2.1. Cytotoxicity 

Both soluble and particulate forms of chromium are cytotoxic to sperm whale and Northern 
right whale skin cells. The data show that 1, 2.5, 5, 10 and 25 uM sodium chromate (the 
soluble form of chromate) induced 78, 60, 49, 11, 1 percent survival, respectively, in right 
whale cells; and 80, 51, 13, 2 and 0 percent survival, respectively, in sperm whale cells 
(Figure 2A). Doses of 0.1, 0.5, 1, 5 and 10 ug/cm2 lead chromate induced 126, 64, 49, 11 and 1 
percent cell survival in right whale cells and doses of 0.05, 0.1, 0.5, 1, 5 and 10 ug/cm2 lead 
chromate induced 100, 91, 68, 63, 36 and 7 percent cell survival, respectively (Figure 2B).  

3.2.2. Genotoxicity 

Both soluble and particulate forms of chromium induced chromosome damage in sperm 
whale and North Atlantic right whale skin cells. We measured genotoxicity by induced 
chromosome damage in two ways: Percent of metaphases with damage and total damaged 
chromosomes in 100 metaphases. In sperm whale cells 1, 2.5, 5, 10 and 25 uM sodium 
chromate damaged 7, 17, 20 and 31 percent of metaphases, respectively, and induced 7, 16, 
24 and 40 total aberrations, respectively. At the highest dose cell cycle arrest occurred and 
no metaphases were seen. In right whale cells 1, 2.5, 5 and 10 uM sodium chromate 
damaged 7, 15, 23 and 33 percent of metaphases, respectively, and induced 8, 18, 30 and 48 
total aberrations, respectively (Figure 3A and 3B). For lead chromate, 0.5, 1, 3 and 5 ug/cm2 
lead chromate damaged 6, 12, 15 and 27 percent of metaphases and induced 7, 13, 24 and 28 
total aberrations, respectively in sperm whale cells. 0.5, 1, 2, 4 and 5 ug/cm2 lead chromate 
damaged 16, 19, 23, 32 and 26 percent of metaphases and induced 17, 22, 28, 40 and 30 total 
aberrations, respectively (Figure 3C and 3D).  
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swell the cells, fixed and dropped onto slides. Slides were stained with Giemsa, 
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right whale skin cells. The data show that 1, 2.5, 5, 10 and 25 uM sodium chromate (the 
soluble form of chromate) induced 78, 60, 49, 11, 1 percent survival, respectively, in right 
whale cells; and 80, 51, 13, 2 and 0 percent survival, respectively, in sperm whale cells 
(Figure 2A). Doses of 0.1, 0.5, 1, 5 and 10 ug/cm2 lead chromate induced 126, 64, 49, 11 and 1 
percent cell survival in right whale cells and doses of 0.05, 0.1, 0.5, 1, 5 and 10 ug/cm2 lead 
chromate induced 100, 91, 68, 63, 36 and 7 percent cell survival, respectively (Figure 2B).  

3.2.2. Genotoxicity 

Both soluble and particulate forms of chromium induced chromosome damage in sperm 
whale and North Atlantic right whale skin cells. We measured genotoxicity by induced 
chromosome damage in two ways: Percent of metaphases with damage and total damaged 
chromosomes in 100 metaphases. In sperm whale cells 1, 2.5, 5, 10 and 25 uM sodium 
chromate damaged 7, 17, 20 and 31 percent of metaphases, respectively, and induced 7, 16, 
24 and 40 total aberrations, respectively. At the highest dose cell cycle arrest occurred and 
no metaphases were seen. In right whale cells 1, 2.5, 5 and 10 uM sodium chromate 
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total aberrations, respectively (Figure 3A and 3B). For lead chromate, 0.5, 1, 3 and 5 ug/cm2 
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aberrations, respectively (Figure 3C and 3D).  
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Figure 1. Chromium Levels in Whale Skin. This figure shows levels of Cr found in whale skin 
biopsies. A) This panel shows individual levels of Cr detected in each of seven North Atlantic right 
whales; B) This panel shows the mean levels of Cr in sperm whales grouped by region +/- the standard 
error. Number in parentheses on the x-axis indicate the number of whales sampled in that region; C) 
This panel shows the average level of Cr found in North Atlantic right whale and sperm whale skin. 
The North Atlantic right whale average is based on 7 animals biopsied in the Bay of Fundy. The sperm 
whale average is based on 331 animals biopsied worldwide. 
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Figure 2. Cytotoxicity of Chromium in North Atlantic Right Whale and Sperm Whale Skin Cells. 
This figure shows the relative survival of cells treated for 24 h with chromium. There is a concentration-
dependent decrease in the number of surviving cells. Error bars represent the standard error of the 
mean from three independent experiments. A) Cells treated with sodium chromate; B) Cells treated 
with lead chromate. 
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Figure 3. Genotoxicity of Chromium in North Atlantic Right Whale and Sperm Whale Skin Cells. 
This figure shows the genotoxicity of a 24 h chromium treatment in whale cells. There is a 
concentration-dependent increase in the amount of damage. Error bars represent the standard error of 
the mean from three independent experiments. A) Percent of metaphases with damage in cells treated 
with sodium chromate; B) Total aberrations in 100 metaphases in cells treated with sodium chromate; 
C) Percent of metaphases with damage in cells treated with lead chromate; D) Total aberrations in 100 
metaphases in cells treated with lead chromate. 
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3.3. Toxic context 

The next challenge is to compare the tissue culture doses to the levels in the whales. 
Comparisons can be made to gain toxicological context; however, one must always bear in 
mind that cells grown on a dish are in a different environmental context than cells in a tissue 
and so the comparisons will not be precise. To contextualize the chromium toxicity data, we 
have converted our treatment concentrations to parts per million and converted the levels 
observed in the biopsies to molarity. This way we can determine if the levels we are using in 
the cell cultures are environmentally relevant concentrations.  

Our sodium chromate treatments convert to a range of 0.052-1.3 ppm and our lead chromate 
treatments convert to a range of 0.34-6.8 ppm (Table 1). Considering that average tissue 
levels for sperm whales and right whales were 9.3 and 7.0 ppm, respectively, our treatment 
concentrations are well below the average levels measured in whale skin (Tables 1 and 2). In 
fact, if we were to treat the cell cultures with the lowest sperm whale regional average 
measured in Sri Lankan waters (63.8 uM) we would kill all of the cells because our highest 
treatment concentration of 25 uM was highly cytotoxic (Figure 2) as measured by our 
cytotoxicity assay. Even our lowest detectable level in the sperm whale, 0.9 ug/g, is equivalent 
to treating cells with 6.38 uM and would induce cytotoxicity in approximately 65% of North 
Atlantic right whale cells and 90% of sperm whale cells. This level of treatment would also 
induce DNA damage in approximately 20% of both sperm whale and right whale metaphases. 
Given that our experimental doses are so much lower than the levels found in whales; this 
outcome raises concern about the impact of chromium pollution on whales regardless of the 
difference in environmental context between cells in a dish and cells in a tissue. 
 

Sodium Chromate (uM) Total Chromium(ppm)
1 0.05 
2 0.10 

2.5 0.13 
3 0.16 
5 0.26 

10 0.52 
25 1.3 

Lead Chromate
(ug/cm2) 

Total Chromium
(ppm) 

0.5 0.34 
1 0.68 
2 1.4 
3 2.0 
4 2.7 
5 3.4 

10 6.8 

Table 1. Chromate Treatment Conversions. 
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Right Whales (individual levels) 
Whale ID Number Cr Tissue Level (ppm) Total Cr (uM) 

3646 4.9 94 
2642 5.1 98 
3301 6 115 
1218 6.3 121 
3351 8.1 156 
1611 9 173 
1607 10 192 

Mean all right whales 7.1 135 

Sperm Whales (average by region) 
Location Cr Tissue Level (ppm) Total Cr (uM) 
Sri Lanka 3.32 63 
Canaries 3.69 70 
Maldives 5.18 99 

Mediterranean 5.21 100 
Pacific Crossing 5.55 106 

Papua New Guinea 5.72 109 
Atlantic Ocean Crossing 6.28 120 

Sea of Cortez 6.51 125 
Indian Ocean Crossing 7.65 147 

Chagos 7.95 152 
Cocos 8.63 166 

Australia 9.19 176 
Mauritius 9.59 184 
Galapagos 12.9 248 
Seychelles 20.6 396 

Kiribati 44.3 852 
Bahamas 81.9 1575 

Mean all sperm whales 9.3 179 

Table 2. Tissue Level Conversions 

4. Conclusions 

Ocean pollution is emerging as a global priority. No longer can the world’s oceans be 
considered an easy collective dumping site because even the most remote areas of the ocean 
are accumulating high levels of waste and pollutants. We now understand that any kind of 
pollution eventually ends up in the ocean. It may be carried by the wind, freshwater rivers 
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4. Conclusions 

Ocean pollution is emerging as a global priority. No longer can the world’s oceans be 
considered an easy collective dumping site because even the most remote areas of the ocean 
are accumulating high levels of waste and pollutants. We now understand that any kind of 
pollution eventually ends up in the ocean. It may be carried by the wind, freshwater rivers 
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and/or streams, coastal erosion, or watercraft of any sort. We have even found the most 
remote places on earth to be impacted. However, the true extent and the impacts of our 
wastes are poorly understood. One reason for this lack of understanding is due to the 
difficulties the ocean environment poses. Many places are geographically difficult to access; 
these areas require a large financial, technical, personnel and personal burden to study. In 
the rare cases that these obstacles are overcome, there remain the additional challenges of 
contending with environmental challenges (e.g. weather) and the simple fact that marine life 
is difficult to see, and can only be observed for a short period of time. Finally, the vast 
majority of marine animals cannot be used in laboratory experiments, and we do not 
currently have a useful model species to use in their place. Yet, despite these difficulties 
there are ways to study the impacts of pollution on marine life without sacrificing a large 
number of organisms and threatening their populations.  

Thus, marine mammals provide the best model for studying marine pollution. They are 
found near-shore (e.g. sea otters, seals, sea lions, sirenians, and some cetaceans) and off-
shore (e.g. most cetaceans, some seals, and some sea lions), and their diets range the entirety 
of the food chain from plankton and krill to giant squid and other marine mammals. A 
handful of marine mammals have cosmopolitan or near-cosmopolitan distribution, which 
enables for a more controlled comparison of marine pollution in different areas; these 
include sperm whales, bottlenose dolphins, orcas, and humpback whales. All marine 
mammals attract ecotourism, thus there are many watercraft that seek them out for 
observation. Along with these watercraft come the exhaust from burning fossil fuels, noise 
pollution that can interfere with the animals’ communication and any trash that may be 
accidently lost overboard. 

The health of all marine mammals depends on clean air and water; they all live in the water 
exclusively or near-exclusively, and since they are mammals they need air to breathe. Not 
all are directly affected by pollution in the sediment, but may still be indirectly affected 
through their prey. Marine mammal prey is highly varied from species to species. Studying 
a variety of them, we can determine if the effect of pollution is specific to animals that are 
higher on the food chain (likely caused by biomagnification), or if the effect is conserved 
throughout the food chain (likely caused by bioaccumulation). 

Furthermore, marine mammals are suitable organisms to study because they capture the 
attention and support of the mass media and general public. These animals are one of the 
major bases for marine ecotourism because of their charismatic behaviors and their 
similarities with humans; they breathe air, are warm-blooded, nurse their young, and 
communicate with songs and chatter. Their similarities also enable them to be studied as a 
model species for humans [8]. The ocean is a finite resource, and has a finite capacity for 
pollution intake. Marine mammals can serve as a model species for humans to demonstrate 
how we will be affected by marine pollution in the future if it is not monitored and 
regulated better. They spend either all or nearly all their lives in the ocean, and they will 
exhibit impacts by marine pollution sooner than humans will.  
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Skin biopsies can provide a wealth of information about marine mammal pollution. Here we 
have shown how chromium, a little studied chemical in the marine environment, has 
contaminated whales in even the remotest regions. Using the levels of chromium we 
reported in the biopsies we have determined that the treatment concentrations that induced 
DNA damage in our cell culture toxicological analysis were orders of magnitude lower. To 
add further supporting context, human workers exposed occupationally to Cr(VI) had levels 
of chromium in lung tissue of 20.4 ug/g [9] while levels of skin were reported to be 0.05 ug/g 
[10]. These workers died of lung cancer. Considering that the average skin levels found in 
sperm whales and North Atlantic right whales of 9.3 ug/g and 7 ug/g, these levels appear to 
be extremely high compared to occupationally exposed humans and are of concern. 

By measuring levels of metals and other pollutants we can inform our in vitro toxicological 
experiments by using more environmentally relevant treatment concentrations. In addition, 
we have used the biopsies to develop cell lines to test potential environmental pollutants 
like chromium in a species specific model rather than use human or mouse models to 
inform on pollutants specifically being exposed to a marine mammal population. These 
results demonstrate that environmental pollutants found in the ocean are accumulating in 
the whales and are likely to have important health repercussions to the animals living in the 
oceans. 
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1. Introduction 

For countless generations, civilization had a relative insignificant impact on the marine 
environment, particularly on marine mammal species. However, with the dawning of the 
industrial revolution, a dramatic increase in the utilization of marine species (including 
whales) as a food source and other industrial purposes resulted in a radical reduction in the 
numbers of some species during the subsequent years, leading to a notable decrease in 
marine biodiversity during the 20th century. Fortunately, this exploitation was accompanied 
by increased awareness and campaigns by environmental and ethical lobby groups, 
resulting in more controlled and managed whaling activities, which in turn lead to 
markedly improved whale numbers [1]. However, the tide shifted once again with the 
dawning of the new millennium, characterized by ever growing industrial development and 
rapid human population growth. As a result, natural resources came under increased 
pressure and in particular, development and growth led to the creation of massive amounts 
of waste and pollutants. Consequently, high levels of marine pollution, especially near 
urban regions, became a serious threat to the health and well-being of marine mammals, 
including cetaceans. 

The first reports of skin disease in cetaceans date back to the 1950’s [2]. However, over the 
last 60 years the frequency of these reports steadily increased. The question, therefore, arose 
as to whether scientists are just more aware of this phenomenon and consequently report 
more cases, or whether the occurrence of these lesions is indeed on the increase. Many 
natural factors such as ecto-parasites, water temperature and salinity are role players in 
these diseases. However, anthropogenic impact can no longer be ignored, since these 
influences can even affect the natural factors by escalating their effect. This brings one to 
another imperative question; whether these factors are linked, or whether they are merely 
the result of a coincidence. The aim of this review is therefore, to take a closer look at the 
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skin of cetaceans, the occurrence of skin lesions among these mammals, the microbes that 
seem to be the causative agents, as well as contributing factors such as anthropogenic 
activities. 

2. Cetacean skin 

2.1. The Barrier: First line of defence 

The first study on the anatomy of whale skin was conducted early in the 20th century by 
Japha [3]. He noted the unusual thickness of the epidermis when compared to other 
mammals (15 to 20 times thicker as in humans). Later, Parry [4] distinguished between the 
layers of epidermis, dermis and hypodermis. He differentiated between the epidermal 
layers and recognised the stratum corneum and the stratum germinativum (Figure 1), 
consisting of the more superficial prickle cells and the deep cylindrical cells. The 
hypodermis was found to be thick and fatty, merging into the dermis that consists of white 
fibres. The dermis stretches into the epidermis by means of ‘dermal papillary ridges’, and 
therefore interdigitate with the epidermal papillae (Figure 1) [4]. Parry also studied the 
vascular system and conductivity of blubber, which affect temperature regulation in these 
mammals. A few decades later, Sokolov [5] summarized cetacean skin anatomy by stating 
that the skin of these animals is relatively smooth, and with a ratio of 0.3 - 1.5 % in relation 
to body length, may reach greater ‘absolute thickness’ compared to other mammals. He 
noted that although the stratum corneum is very thick in cetaceans, layers of strata 
granulosum and lucidum are absent, with the upper layers of the epidermis not fully 
cornified. Sokolov concluded that sebaceous and sweat glands, as well as pelage, are absent 
in the skin of cetaceans. Using bottlenose dolphins (Tursiops truncatus) as model, it was 
found that the epidermal layer of cetaceans has a large capacity for cell population and a 
long turn over time, accompanied by rapid sloughing [6]. These characteristics account for 
the unusual thickness, as well as the smooth surface of the skin, thereby enhancing the 
barrier properties and ability to limit attachment by microbes [6, 7]. 

The stratum corneum of cetaceans (Figure 1) is often referred to as the parakeratotic layer 
and is composed of moderately flattened cells, characterized by retained elongated nuclei 
and prominent organelles (including mitochondria), representing a form of parakeratosis [7, 
8]. The latter process was attributed to a type of cornification, associated with evolutionary 
hair follicle loss. The phospholipid-rich cornified layer presumably also aids in 
waterproofing the skin of these mammals [8]. In addition to these general features of 
cetacean skin, several unique ultra-structural characteristics were reported for the stratum 
corneum of the southern right whale (Eubalaena australis) [9]. These include lipid droplets 
occurring in close association with the nucleus, as well as an abundance of intra-nuclear 
inclusions similar to small fragments of cytoplasmic keratin. 

Keratins are scleroproteins responsible for mechanical support in epithelial cells [10]. These 
macromolecules are mechanically hard, chemically unreactive, insoluble, fibrous, and very 
tough as a result of the numerous disulfide cross linkages [11]. In terrestrial mammals, 
keratins are produced by the so-called keratinocytes, found in the stratum basale or 
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germinativum. The primary function of these keratinocytes, constituting 95% of the 
epidermis, is to provide a barrier against adverse environmental conditions, such as heat, 
radiation, water loss and penetration by pathogens. In cetaceans, this barrier is provided by 
lipokeratinocytes, responsible for the production of both keratin and lipid droplets [12, 13]. 
These lipids enhance the capability of the lipokeratinocytes to act as physical barrier within 
a hypertonic environment, and contribute to the unique buoyancy, streamlining, insulation 
and caloric characteristics of cetacean skin [12]. This physical barrier represents the first line 
of defence against the environment and prospective invaders. 

 
Figure 1. A cross section of cetacean skin, showing the general anatomy of the epidermal, dermal and 
hypodermal layers (Illustrated according to previous findings [4, 30]; as well as own unpublished data) 

2.2. The Barrier: Second and third lines of defence 

The primary role of skin is to provide a physical barrier against the environment and this 
presents the first line of defence. However, crucial immune components form integral 
elements of the skin, providing the subsequent layers of defence with increasing specificity. 
Potential microbial invaders will be confronted by the physical, innate (non-specific), 
chemical and granulocyte barrier (adaptive or specific immune system) that evolved over 
time to eradicate these invaders, digest invading cells into smaller antigens, and finally to 
programme lymphocytes in order to provide long term protection against the particular 
microbe [13]. 
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A microbe that manages to penetrate the subcutaneous layers of the skin will be met by the 
second line of defence; the innate or non-specific immune system. This defence mechanism 
involves the production pro-inflammatory substances, such as chemokines by the 
lipokeratinocytes, resulting in the migration of immune cells such as leucocytes to the site of 
infection. Leucocytes include among others, the phagocytes (macrophages, neutrophils and 
dendritic cells). Upon detection of the foreign proteins originating from potential bacterial, 
fungal or parasitic invaders, Langerhans cells will phagocytise these antigens and migrate to 
adjacent lymph nodes. In the lymph nodes, these cells will develop into mature dendritic 
cells which will process the antigen (into smaller fragments), to activate the adaptive 
immune system (lymphocytes) [14]. On top of this chemical defence mechanism, non-
specific antimicrobial substances such as lysozyme and the peptide β-defensin were found 
in cetacean integument [15]. It was found that lysozyme occurs between the layers of the 
stratum corneum, within cells of the stratum spinosum, dermis and endothelial cells of the 
dermal blood vessels. Also, β-defensin was found to be concentrated in the upper five or six 
layers of the stratum corneum, as well as within the cells of the upper stratum spinosum. 

In addition to the above-mentioned non-specific defence mechanisms, intra-epidermal 
lymphocytes indicate the presence of the adaptive immune system in the epidermis of 
mammals. These specialized T cells have powerful cytolytic and immuno-regulatory effects 
on antigens and will confine antigens that overcame the first and second lines of skin 
defence [14]. Cells associated with this specific or adaptive immune response were also 
detected in cetacean skin studies [13]. Zabke and Romano [13] reported that their study on 
dolphin skin revealed the presence of MHC II (+) antigen cells, predominantly situated in 
the dermal papillae, along the epidermal-dermal border. These cells were found to have a 
dendritic-like morphology and form patterns, similar to those of Langerhans cells. The latter 
are known primary antigen presenting cells in the integument of terrestrial mammals, and 
thus the authors concluded that they were most likely Langerhans cells and not 
macrophages or dendritic cells. The latter two types were found deeper into the dermis. Zabke 
and Romano [13] further suggested that pathogen invasion resulting from a wound may lead 
to an inflammatory response, causing immune cells (neutrophils, macrophages and/or 
lymphocytes) to migrate from the dermal papillae to the site of infection. However, the authors 
indicated that inflammation is usually absent in these animals, because this barrier is normally 
sufficient against small injuries sustained via interactions with other dolphins. The authors 
further noted that wound healing in dolphins is not accompanied by scab formation. In these 
mammals hydrophobic changes within in the stratum spinosum, causes rapid sloughing and 
replacement with cells of the stratum germinativum undergoing mitosis. 

From the above it is evident that cetacean skin is an effective physicochemical barrier. To 
overcome such a challenging obstacle would require a failure of the barrier itself, or creative 
strategies and unique properties in the prospective invader. 

Immune response to cutaneous fungal infections. The type of fungal invader, whether a 
unicellular yeast or hyphal fungus, as well as anatomical site of infection, will determine the 
immune response of the host [16,17]. Yeast cells are usually phagocytosed, whereas the 
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larger size of hyphae prevent them from being ingested. Over time, pathogenic fungi 
evolved and developed different strategies to survive and even disseminate in mammalian 
tissue. The neutrophils, macrophages and monocytes are the main antifungal effector cells in 
the defence strategy, employing shared mechanisms [17]. Firstly, macrophages present at 
the site of attempted infection, will make an effort to damage or kill the fungus. The second 
line of defence includes effector cells, the neutrophils and monocytes, which are summoned 
to the infection site by inflammatory signals from cytokines, chemokines and complement 
components. These effector cells damage or kill the fungal invader using strategies such as 
producing reactive oxygen intermediates and antimicrobial peptides [17]. 

There are four main groups of fungal infections [16]. The first, superficial mycoses, does not 
provoke any immune response from the host since the fungus would only grow on 
compounds associated with the skin. The remaining three categories provoke immune 
responses and include cutaneous, subcutaneous and deep mycoses. In cases of local trauma, 
subcutaneous mycoses may develop with the subcutis as the primary site of infection. In 
such cases, leucocytes and eosinophils will respond, leading to the formation of cysts or 
granulomas. Deep mycoses usually occurs in immuno-suppressed mammals, with entry 
through the lungs, paranasal sinuses, digestive system, or mucous membranes. Total fungal 
dissemination is usually a sign of severe immune failure. 

3. Microbes – The enemy? 

A limited number of organisms have the ability to degrade and utilize keratin, the key 
structural component of mammalian skin [18]. These include a few insect species, as well as 
a number of bacteria and fungi. Higher vertebrates are also not known to digest keratin [11]. 
Microbes degrade keratin by the secretion of extracellular proteolytic enzymes, known as 
keratinases; members of the serine proteinase group of enzymes [19, 20]. These enzymes are 
robust with a wide temperature and pH activity range, and have the ability to hydrolyze 
both natural and denatured keratin [21]. Keratinases from the fungus Microsporum gypseum 
were found to cleave the disulfide bridges in the keratin (sulfitolysis), which were followed 
by a further attack on the keratin structure by extracellular proteases [18]. Tsuboi and co-
workers [22] found a keratinolytic proteinase in another fungus, i.e. Trichophyton 
mentagrophytes, with an optimal pH of 4.5 for keratin and 3.9 for haemoglobin. They showed 
that this fungus could potentially invade healthy skin (with a weakly acidic pH), by 
breaking down the keratin and thereby making it possible for the organism to invade the 
stratum corneum. This ability to degrade keratin, and other molecules associated with skin, 
can be regarded as a putative microbial virulence factor [20]. 

Keratinophilic (keratin loving) fungi (Figure 2) represent the largest group of organisms 
with the ability to degrade and utilize keratin as a source of carbon and nitrogen [11, 16].  
These fungi commonly occur in soil and sewage sludge, which contain high concentrations 
of keratin remnants with specific physiochemical properties and associated microbial 
populations [23]. Releasing sewage sludge into the environment, or using it for fertilizing 
purposes, can therefore lead to spreading of potentially pathogenic fungi into new 
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ecosystems. Plants, humans and animals are subsequently exposed to a variety of 
potentially infectious microbes. Fungal genera known to harbour keratinophilic species 
include: Acremonium, Alternaria. Aspergillus, Candida, Chaetomium, Chrysosporium, 
Cladosporium, Curvularia, Fusarium, Geotrichum, Gliocladium, Gymnoascus, Microsporum, 
Monoascus, Mucor, Paecilomyces, Penicillium, Scopulariopsis, Sporothrix, Trichoderma, 
Trichophyton, as well as Verticillium [16, 23-25]. 

 
Figure 2. Light micrographs of keratinophilic fungi. a. Fruit body of Chaetomium murorum with long 
ascomatal setae; b. ascomatal setae and ascospores of Chaetomium murorum; c. conidia of Alternaria 
alternata; d. Fertile hyphae of Chrysosporium keratinophilum bearing conidia 

Some keratinophilic fungi (Figure 2) are known to be pathogenic, and often the cause of 
cutaneous skin infections. These include the so-called dermatophytes, belonging to the 
genera Epidermophyton, Microsporum and Trichophyton, as well as non-dermatophytes such as 
Aspergillus, Candida, Fusarium and Scopulariopsis spp. Moreover, De Hoog et al. [16] 
remarked that more cases of fungal infections seem to be caused by fungal spp. formerly 
known as being saprobic, and appear to be associated with the increasing numbers of 
immuno-compromised patients. These fungi are mostly opportunists that cause infection 
when the immune system of the host is breached [16, 17]. Interestingly, of more than 100 000 
known fungal species, only about 100 have been reported regularly, as infectious agents of 
animals, as well as humans [16]. 

Certain species of the bacterial genus Bacillus also have the ability to produce keratinases. 
Bacillus cereus, Bacillus licheniformis and Bacillus subtilis have been identified and studied in 
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this regard for commercial purposes, specifically for the biodegradation of feathers in the 
poultry industry [21, 26]. Other bacterial genera with keratinolytic ability include: Lysobacter, 
Nesternokia, Kocurica, Microbacterium, Vibrio, Xanthomonas, Stenotrophomonas and 
Chryseobacterium [24]. 

4. Case studies of skin lesions in cetaceans – The signs? 

Skin lesions in cetaceans have been reported since the 1950’s [2]. Some examples of the 
steady stream of reports in later years are presented below. 

Skin lesions containing Staphylococcus were reported for the first time in cetaceans in 1988 
[27]. In that study, two isolates of Staphylococcus were obtained from purulent tissue that 
occurred in two captive dolphins with multiple, suppurating lesions, and subsequently 
described as a new species, Staphylococcus delphini. 

A study conducted over a four year period found that a range of microbes were associated 
with lesional and non-lesional skin in a group of bowhead whales (Balaena mysticetus), 
characterized by dozens to hundreds of roughened areas on their skin surfaces [28]. The 
majority of microbes, isolated during the study, were associated with the lesional skin: 56% 
of Gram positive bacteria, 75% of Gram negative bacteria and 64% of the yeasts. Also, the 
lesional skin was characterized by the presence of Corynebacterium spp., Acinetobacter spp., as 
well as representatives of Moraxella. Candida spp. were the dominant yeast species, followed 
by representatives of Cryptococcus and Rhodotorula. Subsequent tests on the isolates showed 
the production of enzymes able to cause necrosis by microbes originating from both lesional 
and non-lesional skin. These whales occurred in regions with increased industrial activities 
(gas and oil exploration) in the Beaufort Sea; the authors speculated that the roughened skin 
areas might have been associated with the adherence of spilled oil [28]. 

A study examining skin diseases among wild cetaceans from British waters found 69% of 
individuals to be affected [29]. The authors reported wounds and other traumatic injuries, as 
well as lesions caused by pox and herpes viruses, as well as bacteria, ectoparasites and non-
specific ulcers. Concerns that the lesions were associated with pollution were raised but not 
confirmed [29]. 

Henk and Mullan [30] examined 23 bowhead whales and reported shallow lacerations, 
circular depressions and epidermal sloughing on these whales’ skin. The authors also found 
abundant bacteria and diatoms associated with these lesions, and even higher numbers 
where the stratum spinosum was exposed. The bacterial isolates were found to include 
cocci, bacilli and filamentous spp., with increasing numbers associated with higher levels of 
necrotic decay. Protozoa and fungi were also observed and also increased in incidence with 
more disturbed epidermal surfaces. The authors also identified several erosive enzymes 
from these microbes and suggested an association between the whales’ skin and spilled oil. 

A pygmy sperm whale (Kogia breviceps) and an Atlantic white-sided dolphin (Lagenorhynchus 
acutus) were reported with mycotic dermatitis, in the form of raised, firm, erythemous, 
cutaneous nodules on parts of their bodies [31]. The dermatitis cases were the result of 
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infections caused by a species of Fusarium, and in both cases, the disease was preluded by 
stress factors, such as stranding, which presumably induced immuno-suppression. 

Resident bottlenose dolphins, from the Sado estuary in Portugal, were examined and 85% of 
the community showed signs of skin disorders [32]. The authors compared these results to 
observations from other areas, and came to the conclusion that habitat degradation played a 
significant role in these disorders since eutrophication seemed to a serious problem in this 
estuary. Consequently, the authors attributed these conditions to apparent depressed 
immune systems caused by stress, habitat degradation and pollution. 

Ten coastal populations of bottlenose dolphins served in a photographic study that 
compared levels of epidermal disease among populations exposed to a wide range of 
natural and anthropogenic conditions [33]. It was found that epidermal lesions were 
common in all populations. However, the severity and prevalence of the different classes of 
lesions, varied among the populations. Those occurring in areas with lower water salinity 
and temperature had a higher lesion incidence and severity. On the other hand, no direct 
correlation was found between the lesion characteristics and toxicology data. The authors 
concluded that the oceanographic variables might influence the epidermal integrity of the 
skin or cause physiological stress, thereby rendering these mammals more prone to natural 
infections or impact by anthropogenic activities. 

In 2001, Mikaelian and co-workers [34] reported a case of six beluga whales (Delphinapterus 
leucas) with slightly depressed, greyish round lesions, found dead on the shores of the St. 
Lawrence estuary. Histology of the lesions revealed Dermatophilus-like actinomycetes that 
had invaded the stratum corneum of the epidermis [34]. Even the stratum spinosum of these 
animals were characterized by marked spongiosis and vacuolar degeneration. These whales 
were furthermore free from ectoparasites, thereby eliminating the possibility of this 
predisposing factor. Immunodeficiency seemed to be the most likely cause of these 
Dermatophilus-like infections, since four of the six individuals were characterized by chronic 
debilitating diseases. Martineau [35] followed this up by reporting on an extensive survey 
(1983-1999) on the beluga whales from this estuary. They found cancer rates in these animals 
to be much higher than in any other population of cetaceans, similar to that of other mammals 
(including humans) from the same area. They believed that environmental contaminants, such 
as polycyclic hydrocarbons (PAH) were involved in the aetiology of these conditions. 

A visual health assessment study in North Atlantic right whales (Eubalaena glacialis) revealed 
a variety of skin conditions, as well as the calving intervals in these mammals increasing from 
3.67 to 5 years, thereby significantly impacting on the population growth [36]. The authors 
speculated that possible causes might include environmental contaminants, marine bio-toxins, 
nutritional stress, genetic influences, as well as infectious diseases. 

Hamilton and Marx [37] presented results of a study conducted from 1980 until 2002 on skin 
lesions among North Atlantic right whales. The authors documented white, blister, swath 
and circular lesions. White lesions appeared to represent episodic events, the incidence of 
blister lesions were more constant, whereas swath lesions were often associated with fatal 
conditions. They reckoned that skin lesions are indicators of compromised health, possibly 
caused by deteriorating habitat quality in coastal areas. 
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Between the years 2006 and 2009, Van Bressem and co-workers published extensively on 
many cases of skin lesions in a range of cetaceans.  In one such study [38], the authors 
examined ‘tattoo’ skin lesions caused by poxvirus infections in four species of small 
cetaceans (Lagenorhynchus obscurus, Delphinus capensis, T. truncatus and Phocoena spinipinnis) 
near Peru. They reported a possible increase in the disease since 1990 in two of the species 
(L. obscurus and P. spinipinnis). They also found that male P. spinipinnis individuals were two 
times more infected than their females [38]. 

A population of long-beaked common dolphins (D. capensis) was studied between 1985 and 
2000 in the Southeast Pacific near Peru, characterised by extensive fisheries activities [39]. 
The authors reported the presence of a variety of cutaneous lesions, abnormalities and scars, 
on between 1.8% and 48.2% of these dolphins. Tattoo lesions, punctiform and round marks, 
dark circle lesions, coronet marks and abnormal pigmentation were described, among many 
other abnormalities in this population. These lesions were attributed to pox- and herpes 
viruses, as well as other unknown viruses and parasites. 

An extensive survey conducted from 1984 until 2007 and dealing with previously 
unreported cases of skin and skeletal diseases in cetaceans from Ecuador, Colombia, Peru, 
Chile, Argentina, Uruguay, Brazil and Venezuela, was presented as an overview in 2007 
[40]. The authors reported tattoo skin disease, lobomycosis-like disease and other cutaneous 
infections with unknown aetiology in 590 cases, out of a total of 7635 specimens, including 
12 different odontocete spp. that were examined. It was suggested that anthropogenic 
factors, including aquaculture, fish factories, untreated waste water, ballast water and 
chemical pollution, play a major role in the degradation of the habitats of these cetaceans, 
thereby contributing to the poor health status of many individuals in these populations. 

Chronic mycotic disease of the skin and subdermal tissues in Indo-Pacific bottlenose 
dolphins (Tursiops aduncus), caused by the fungus Lacasia loboi, was reported in 2009 [41]. 
These dolphins lived in the tropical lagoon of Mayotte, situated in the Indian Ocean 
between Mozambique and Madagascar, and were characterized by numerous raised, 
greyish nodules on the head, flanks, dorsal fin, belly, back and tail. In some individuals, the 
lesions appeared to be quite severe and lesions resembling other unknown fungal infections 
were also observed. Habitat degradation, especially along the coastal areas where rapid 
urbanization, agricultural activities and untreated waste water are evident, was mentioned 
as a contributing factor to the aetiology of the disease. 

Inshore and offshore surveys conducted, from 1997 to 2007, on bottlenose dolphins in the 
larger Santa Monica Bay, California, revealed a very high incidence and extent of skin 
lesions [42]. Causative agents found included bacteria, viruses, fungi, vitamin deficiencies, 
diatom growth and parasites. However, anthropogenic activities were thought to be a major 
contributing factor and seemed to be linked to especially viral outbreaks. Moreover, this 
area (the Southern California Bight) is known for high concentrations and volumes of 
pollutants entering the coastal and offshore environment, as well as contaminated 
sediments that cover a 44 km² on the ocean floor, containing dichloro-diphenyl-trichloro-
ethane (DDT) and polychlorinated biphenyls (PCBs). 
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A study conducted during 2006 and 2007 revealed notable differences in skin diseases 
between two communities of Guiana dolphins (Sotalia guianensis) from Brazil [43].The 
authors found that the community, living in the chemically and biologically polluted 
Paranaguá estuary, was characterized by the occurrence of lobomycosis-like and nodular 
skin diseases. This estuary is known for its high levels of chlorinated hydrocarbons, as well 
as regular oil spills. In contrast, another community of Guiana dolphins, living in the less 
polluted Cananéia estuary, was free from these skin diseases and had relatively low tissue 
levels of organochlorines. The authors consequently proposed that lobomycosis-like and 
nodular skin diseases might act as indicators of environmental burden. 

A southern right whale neonate that beached along the Southern coast of South Africa and 
suffering from extensive skin lesions were found to be infected with a number of  cutaneous 
fungi including Chaetomium globosum, Chaetomium murorum and Penicillium coprophilum [44]. 
During the same period, another southern right whale neonate was found beached and 
suffering from a yeast infection caused by Candida zeylanoides [45]. In both cases the authors 
speculated about anthropogenic factors contributing to the condition of the animals. 

Maldini and co-workers [46] reported on bottlenose dolphins living in Monterey Bay, 
California. Their research, conducted between 2006 and 2008, showed that approximately 
90% of these cetaceans were characterized by skin lesions. They identified five skin 
conditions, with pox-like lesions being the most frequently found. The authors suspected 
that contaminants such as persistent organic pollutants (POPs) and heavy metals were 
contributing factors that weakened the immune systems of the dolphins, thereby rendering 
them more susceptible to viral infections. 

A recent study on North Pacific humpback whales (Megaptera novaeangliae) examined 
bacterial species associated with the skin of these mammals [47]. It was found that healthy 
individuals were characterized by similar microbial communities, as opposed to health-
compromised individuals that harboured different populations.  Also, the microbial 
populations on the skin of these animals were found to be different to that of the seawater, 
which led to the conclusion that the skin-associated bacteria were adapted to live on the 
epithelium and its constituents. The study also reported that the bacterial phylum found 
most on healthy individuals is Bacteroidetes, in contrast to the health-compromised 
individuals which harboured Gammaproteobacteria as the dominant group. 

Cetaceans are also exposed to UV radiation and often exhibit lesions similar to skin cancer in 
humans [48]. Interestingly, cetacean species with darker pigmentation have less UVR 
induced skin damage. Also, latitude affects the incidence of this phenomenon, since UVR 
dosage at lower latitudes, are 5 times higher than at mid-latitudes. 

A recent study by Fury and Reif [49] reported poxvirus lesions in two estuarine populations 
of bottlenose dolphins from Australia. This was the first report of poxvirus-like lesions in 
Australian cetaceans. Their results suggested that these infections were accompanied by 
climatic events, such as flooding in this case, which lead to lower water salinity and higher 
occurrence of dolphin pox. They concluded that diseases such as dolphin pox, might act as 
indicators of environmental stress. 
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It seems evident from the above mentioned studies that the occurrence and high prevalence 
of skin lesions in many cetacean populations are linked to environmental factors, 
including water salinity and temperature, as well as pollution and eutrophication. These 
skin lesions may be caused by a wide diversity of microbes that will be discussed in the 
next section. 

5. Microbes causing skin lesions in cetaceans 

5.1. Virus infections of cetacean skin 

5.1.1. Dolphin pox 

Poxviridae represent the largest family of viruses known to cause diseases in marine and 
terrestrial mammals [50]. Among cetaceans, the odontocetes seem to be more affected than 
the mysticetes [49]. Species of cetaceans reported to be affected by pox viruses, include 
Atlantic bottlenose dolphins [7, 50], bottlenose dolphins from Australia [49], Atlantic white-
sided dolphins [7, 50], common dolphin (Delphinus delphis), dusky dolphins, white-beaked 
dolphins (Lagenorhynchus albirostris) [29, 50], striped dolphins (Stenella coeruleoalba) [29, 50], 
Hector’s dolphins (Cephalorhynchus hectori) [7, 29, 50], long finned pilot whales (Globocephala 
melaena) [29, 50], as well as a few spp. of porpoises  [50]. 

Dolphin pox has been associated with a variety of lesions, referred to as ‘targets’, watered-
silk’, ‘ring’, ‘pinhole’, ‘circle’ and ‘tattoo’-like [7]. These lesions emerge as single or 
overlapping circular grey spots. Later, these ring lesions may develop into black punctiform 
stippled patterns. Histological studies revealed a thickened stratum corneum with 
ballooning degeneration, and eosinophilic inclusions containing virus particles, inside the 
cytoplasm of stratum intermedium cells. Studies on this disease pointed to one consistent 
feature; its relationship with compromised environmental conditions and consequent 
general health of affected individuals [7, 51]. 

5.1.2. Herpes virus 

Herpes virus had been reported as the causative agent of focal dermatitis in captive, as well 
as free-swimming beluga whales [51, 52]. Lesions caused by this virus appeared as multiple 
grey, raised, pale grey regions on the skin, which eventually ulcerated and healed very 
slowly. At the time of infection, these whales appeared to be in poor health and under stress. 
Histological analyses showed epithelial cells that underwent intercellular oedema, necrosis 
and the development of microvescicles. Prominent eosinophilic, intra-nuclear, inclusion 
bodies were evident in infected epithelial cells [51]. 

5.1.3. Papillomavirus in cetaceans 

In cetaceans, papillomas have been reported on the skin, as well as the tongue, penis, 
pharynx and first gastric compartment [51]. 
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A study conducted during 2006 and 2007 revealed notable differences in skin diseases 
between two communities of Guiana dolphins (Sotalia guianensis) from Brazil [43].The 
authors found that the community, living in the chemically and biologically polluted 
Paranaguá estuary, was characterized by the occurrence of lobomycosis-like and nodular 
skin diseases. This estuary is known for its high levels of chlorinated hydrocarbons, as well 
as regular oil spills. In contrast, another community of Guiana dolphins, living in the less 
polluted Cananéia estuary, was free from these skin diseases and had relatively low tissue 
levels of organochlorines. The authors consequently proposed that lobomycosis-like and 
nodular skin diseases might act as indicators of environmental burden. 

A southern right whale neonate that beached along the Southern coast of South Africa and 
suffering from extensive skin lesions were found to be infected with a number of  cutaneous 
fungi including Chaetomium globosum, Chaetomium murorum and Penicillium coprophilum [44]. 
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them more susceptible to viral infections. 

A recent study on North Pacific humpback whales (Megaptera novaeangliae) examined 
bacterial species associated with the skin of these mammals [47]. It was found that healthy 
individuals were characterized by similar microbial communities, as opposed to health-
compromised individuals that harboured different populations.  Also, the microbial 
populations on the skin of these animals were found to be different to that of the seawater, 
which led to the conclusion that the skin-associated bacteria were adapted to live on the 
epithelium and its constituents. The study also reported that the bacterial phylum found 
most on healthy individuals is Bacteroidetes, in contrast to the health-compromised 
individuals which harboured Gammaproteobacteria as the dominant group. 

Cetaceans are also exposed to UV radiation and often exhibit lesions similar to skin cancer in 
humans [48]. Interestingly, cetacean species with darker pigmentation have less UVR 
induced skin damage. Also, latitude affects the incidence of this phenomenon, since UVR 
dosage at lower latitudes, are 5 times higher than at mid-latitudes. 

A recent study by Fury and Reif [49] reported poxvirus lesions in two estuarine populations 
of bottlenose dolphins from Australia. This was the first report of poxvirus-like lesions in 
Australian cetaceans. Their results suggested that these infections were accompanied by 
climatic events, such as flooding in this case, which lead to lower water salinity and higher 
occurrence of dolphin pox. They concluded that diseases such as dolphin pox, might act as 
indicators of environmental stress. 
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It seems evident from the above mentioned studies that the occurrence and high prevalence 
of skin lesions in many cetacean populations are linked to environmental factors, 
including water salinity and temperature, as well as pollution and eutrophication. These 
skin lesions may be caused by a wide diversity of microbes that will be discussed in the 
next section. 
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silk’, ‘ring’, ‘pinhole’, ‘circle’ and ‘tattoo’-like [7]. These lesions emerge as single or 
overlapping circular grey spots. Later, these ring lesions may develop into black punctiform 
stippled patterns. Histological studies revealed a thickened stratum corneum with 
ballooning degeneration, and eosinophilic inclusions containing virus particles, inside the 
cytoplasm of stratum intermedium cells. Studies on this disease pointed to one consistent 
feature; its relationship with compromised environmental conditions and consequent 
general health of affected individuals [7, 51]. 

5.1.2. Herpes virus 

Herpes virus had been reported as the causative agent of focal dermatitis in captive, as well 
as free-swimming beluga whales [51, 52]. Lesions caused by this virus appeared as multiple 
grey, raised, pale grey regions on the skin, which eventually ulcerated and healed very 
slowly. At the time of infection, these whales appeared to be in poor health and under stress. 
Histological analyses showed epithelial cells that underwent intercellular oedema, necrosis 
and the development of microvescicles. Prominent eosinophilic, intra-nuclear, inclusion 
bodies were evident in infected epithelial cells [51]. 

5.1.3. Papillomavirus in cetaceans 

In cetaceans, papillomas have been reported on the skin, as well as the tongue, penis, 
pharynx and first gastric compartment [51]. 
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5.1.4. Calicivirus induced vesicular disease 

Smith and co-workers [53] reported an Atlantic bottlenose dolphin with vesicular skin 
disease caused by calicivirus. This disease was apparently transferred to another dolphin, 
but via a sea lion. The lesions eventually eroded and left shallow ulcers. Interestingly, 
serological studies on mysticete spp. from the North Pacific, showed the presence of 
neutralizing bodies to several marine vesiviruses, including calicivirus [54]. 

5.2. Bacterial infections of cetacean skin 

A variety of bacteria have been reported from skin lesions in cetaceans. These include 
species of Brucella, Corynebacterium, Dermatophilus, Escherichia, Erysipelothrix, Klebsiella, 
Mycobacterium, Pseudomonas, Staphylococcus, Streptococcus and Vibrio (Table 1) [27, 47, 55].  
Bacteria also cause death of cetaceans in many cases [55]. However, it must be noted that 
these infections are usually of a secondary nature and occur as a result of other stresses, 
such as parasites and immuno-suppression following exposure to toxins. 

 

Bacterial genus Bacterial species occurring on cetaceans
Brucella Brucella cetacea had been reported from sub-blubber abscesses in 

several species of cetaceans [56]. Also, Brucella ceti had been isolated 
from subcutaneous and skin lesions in cetaceans [57]. 

Corynebacterium A species of Corynebacterium had been isolated from skin lesions in 
an Atlantic bottlenose dolphin [55]. 

Dermatophilus Lesions caused by Dermatophilus-like actinomycetes were observed 
in six deceased beluga whales that were found in the St. Lawrence 
estuary [34]. These lesions presented as slightly depressed, round 
and grey areas on the skin. 

Enterobacter  Enterobacter agglomerans had been reported from skin lesions on an 
Atlantic bottlenose dolphin from Florida, USA [55]. 

Escherichia coli E.coli isolates were obtained from skin lesions on Atlantic bottlenose 
dolphins from Florida and New York, USA [55]. 

Erysipelothrix  Erysipelothrix rhusiopathiae had been reported as the cause of skin 
disease in dolphins, characterized by dermal infarction causing 
dermal sloughing [51]. This disease is usually subacute and chronic 
in cetaceans or acute septicaemia [56]. As a small, pleomorphic, 
Gram positive rod, this bacterium is a commonly found in the 
mucous of fish, suggesting that the dolphins become infected by 
ingesting these fish [51, 56, 58, 59]. Injuries caused by the teeth of 
other cetaceans, is another possible route of infection [56]. 

Klebsiella Klebsiella oxytoca was isolated from skin lesions of an Atlantic 
bottlenose dolphin, while another Klebsiella sp. was obtained from a 
goosebeak whale (Ziphius cavirostris), both from Florida (USA) [55]. 
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Bacterial genus Bacterial species occurring on cetaceans
Mycobacterium 
 

Species of Mycobacterium have been associated with infections in 
cetaceans, including bottlenose dolphins, belugas and pseudorca’s. 
In the infected animals, non-healing, chronic cutaneous or 
subcutaneous lesions were present and associated with other 
symptoms, such as granulomas in various organs and lymph nodes, 
as well as pulmonary infections [56]. 

Pseudomonas This genus is known for Gram negative, motile, slender bacillus 
bacterium cells, and generally occurs in water. These bacteria often 
colonize wounds, which can lead to septicaemia [14]. Pseudomonas 
aeruginosa had been reported to form large cutaneous ulcers in 
Atlantic bottlenose dolphins, penetrating deep into the tissue and 
consequently leading to serious conditions in the affected animals. 
Septicaemia develops when the bacteria proliferate into the walls of 
the blood vessels [56]. A Pseudomonas sp. and Pseudomonas 
putrefaciens, had also been isolated from skin lesions in Atlantic 
bottlenose dolphins by Buck and co-workers [55]. 

Staphylococcus A new species in this genus, Staphylococcus delphini, was described 
by Varaldo and co-workers [27]. Moreover, this represented the first 
report of an association between this genus and cetaceans. S. delphini 
isolates were obtained from suppurative skin lesions in two captive 
dolphins which recovered rapidly after antibiotic treatment [27]. 

Streptococcus Streptococcus bacteria are Gram positive diplococci and common 
residents of cetacean’s skin and upper respiratory tract. Cutaneous 
infections caused by these species, are therefore usually 
opportunistic and associated with animals under stress of some sort 
[51]. Species from this genus have been isolated from cetaceans with 
skin lesions [55], septicaemia, metritis and pneumonia. Amazon 
River dolphins have been reported with a specific dermatological 
condition, commonly known as ‘golf ball disease’, caused by 
Streptococcus iniae, and characterized by the presence of slow-
growing, nodular, subcutaneous abscesses [56]. 
 

Vibrio Buck and co-workers [55] found that Vibrio spp. were the most 
commonly isolated bacteria from stranded cetaceans. The two 
species specifically associated with skin lesions, were Vibrio 
alginolyticus and Vibrio parahaemolyticus originating from Atlantic 
bottlenose dolphins (T. truncatus) from Florida and New Jersy 
(USA). Dhermain and co-workers [58] also implicated bacteria from 
this genus, in cases of cetacean septicaemias. 

 

Table 1. Bacterial species reported to cause skin lesions in cetaceans 
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5.1.4. Calicivirus induced vesicular disease 

Smith and co-workers [53] reported an Atlantic bottlenose dolphin with vesicular skin 
disease caused by calicivirus. This disease was apparently transferred to another dolphin, 
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Bacteria also cause death of cetaceans in many cases [55]. However, it must be noted that 
these infections are usually of a secondary nature and occur as a result of other stresses, 
such as parasites and immuno-suppression following exposure to toxins. 
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Dermatophilus Lesions caused by Dermatophilus-like actinomycetes were observed 
in six deceased beluga whales that were found in the St. Lawrence 
estuary [34]. These lesions presented as slightly depressed, round 
and grey areas on the skin. 

Enterobacter  Enterobacter agglomerans had been reported from skin lesions on an 
Atlantic bottlenose dolphin from Florida, USA [55]. 

Escherichia coli E.coli isolates were obtained from skin lesions on Atlantic bottlenose 
dolphins from Florida and New York, USA [55]. 

Erysipelothrix  Erysipelothrix rhusiopathiae had been reported as the cause of skin 
disease in dolphins, characterized by dermal infarction causing 
dermal sloughing [51]. This disease is usually subacute and chronic 
in cetaceans or acute septicaemia [56]. As a small, pleomorphic, 
Gram positive rod, this bacterium is a commonly found in the 
mucous of fish, suggesting that the dolphins become infected by 
ingesting these fish [51, 56, 58, 59]. Injuries caused by the teeth of 
other cetaceans, is another possible route of infection [56]. 

Klebsiella Klebsiella oxytoca was isolated from skin lesions of an Atlantic 
bottlenose dolphin, while another Klebsiella sp. was obtained from a 
goosebeak whale (Ziphius cavirostris), both from Florida (USA) [55]. 

 
Cutaneous Lesions in Cetaceans: An Indicator of Ecosystem Status? 135 

Bacterial genus Bacterial species occurring on cetaceans
Mycobacterium 
 

Species of Mycobacterium have been associated with infections in 
cetaceans, including bottlenose dolphins, belugas and pseudorca’s. 
In the infected animals, non-healing, chronic cutaneous or 
subcutaneous lesions were present and associated with other 
symptoms, such as granulomas in various organs and lymph nodes, 
as well as pulmonary infections [56]. 

Pseudomonas This genus is known for Gram negative, motile, slender bacillus 
bacterium cells, and generally occurs in water. These bacteria often 
colonize wounds, which can lead to septicaemia [14]. Pseudomonas 
aeruginosa had been reported to form large cutaneous ulcers in 
Atlantic bottlenose dolphins, penetrating deep into the tissue and 
consequently leading to serious conditions in the affected animals. 
Septicaemia develops when the bacteria proliferate into the walls of 
the blood vessels [56]. A Pseudomonas sp. and Pseudomonas 
putrefaciens, had also been isolated from skin lesions in Atlantic 
bottlenose dolphins by Buck and co-workers [55]. 

Staphylococcus A new species in this genus, Staphylococcus delphini, was described 
by Varaldo and co-workers [27]. Moreover, this represented the first 
report of an association between this genus and cetaceans. S. delphini 
isolates were obtained from suppurative skin lesions in two captive 
dolphins which recovered rapidly after antibiotic treatment [27]. 

Streptococcus Streptococcus bacteria are Gram positive diplococci and common 
residents of cetacean’s skin and upper respiratory tract. Cutaneous 
infections caused by these species, are therefore usually 
opportunistic and associated with animals under stress of some sort 
[51]. Species from this genus have been isolated from cetaceans with 
skin lesions [55], septicaemia, metritis and pneumonia. Amazon 
River dolphins have been reported with a specific dermatological 
condition, commonly known as ‘golf ball disease’, caused by 
Streptococcus iniae, and characterized by the presence of slow-
growing, nodular, subcutaneous abscesses [56]. 
 

Vibrio Buck and co-workers [55] found that Vibrio spp. were the most 
commonly isolated bacteria from stranded cetaceans. The two 
species specifically associated with skin lesions, were Vibrio 
alginolyticus and Vibrio parahaemolyticus originating from Atlantic 
bottlenose dolphins (T. truncatus) from Florida and New Jersy 
(USA). Dhermain and co-workers [58] also implicated bacteria from 
this genus, in cases of cetacean septicaemias. 

 

Table 1. Bacterial species reported to cause skin lesions in cetaceans 
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5.3. Fungal infections of cetacean skin 

5.3.1. Candida 

Species of Candida are commonly associated with the mucous membranes of animals in 
limited numbers, and occur predominantly in the regions of the blowhole, oesophagus, 
vagina and anal area in cetaceans [59-61]. Candida spp. reported from cetaceans include 
Candida albicans, Candida glabrata, Candida krusei, Candida tropicalis, Candida parapsilosis, 
Candida guiliermondii, Candida lambica and Candida ciferrii [59, 60]. Candida zeylanoides was 
also found to be associated with the skin of a southern right whale neonate from South 
Africa [45]. Infections caused by Candida spp. mostly affect captive cetaceans and are usually 
associated with immuno-suppressed individuals, where the Candida infection may 
proliferate and cause severe local infection of the skin or mucosal membranes. In captive 
cetaceans, infections are usually observed after long-term antibiotic therapy [30, 61], but had 
also been reported following corticosteroid treatment of the animals, as well as after 
overtreatment of tank water [59]. These lesions usually occur as whitish, creamy plaques on 
the skin or mucosal surfaces. Histological examinations usually show colonies of 
pseudohyphae, septate hyphae and blastospores [16, 60].  

In cutaneous Candida infections, the skin or mucosal membranes, may suffer acanthosis 
(hyperplasia and thickening of the stratum spinosum) with pseudoepitheliomatous 
hyperplasia, with the fungus growing in the epithelial tissue. These cutaneous Candida 
infections had been reported in a number of cases pertaining to especially captive cetaceans 
and varied from ulcerative dermatitis, to inflammation without ulcers and healed ulcers. 
However, significantly more cases of visceral lesions and systemic candidiasis had been 
reported in these mammals [60]. 

5.3.2. Fusarium 

Fusarium spp. are well known saprophytes in soil, as well as the cause of a range of plant 
diseases. However, they also often cause hyalohyphomycosis after traumatic inoculation in 
humans and seem to be an emerging pathogen in immuno-compromised patients [16]. In 
cetaceans, mycotic dermatitis caused by a Fusarium sp., was reported in a pygmy sperm 
whale and an Atlantic white-sided dolphin. These cetaceans were characterized by elevated, 
firm, erythematous, cutaneous tubercles mostly found on the heads, trunks and caudal 
portions of the cetaceans’ bodies [31]. 

5.3.3. Lacazia loboi 

The yeast-like, dimorphic fungus, Lacazia loboi (formerly known as Laboa loboi) causes 
invasive cutaneous lesions in dolphins and humans [58], known as lobomycosis, lacaziosis 
or keloidal blastomycosis [41, 59, 62]. The first case of keloidal blastomycosis was described 
in 1931 in a human patient from the Amazon valley [63]. This disease was only known to 
affect humans until 1971, when Migaki and co-workers described a case of lobomycosis in 
an Atlantic bottlenose dolphin [64]. In 1973, De Vries and Laarman [63] described another 
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case of this disease in a Guinana dolphin. Interestingly, no other cetaceans other than 
dolphins have ever been reported with this disease [59, 60]. It is generally accepted that the 
disease is the consequence of injuries sustained by the animal [61], and can therefore be 
transmitted to humans during necropsies [58]. It presents itself as white, elevated, crusty, 
nodular lesions on the animal’s body [59-61], although mainly on the head, flippers, 
abdomen, fins, back tail stocks and flukes [60]. On cellular level, the disease presents with 
superficial granulomatous dermatitis, associated with macrophages and multinucleated 
giant cells containing a variety of round yeast cells [61]. More cases of this disease affecting 
cetaceans have been added to the list and recently some authors suggested that the 
incidence of lobomycosis might represent opportunistic infections in immuno-compromised 
hosts [62, 65]. The bio-accumulation of environmental contaminants in the affected dolphins 
was thought to possibly contribute to susceptibility to this disease [62]. 

5.3.4. Dermatophytes 

Dermatophytes are fungi that grow on the outermost layers of the skin of animals, including 
muco-cutaneous membranes, genitalia, external ears, as well as dead skin or hair. Ringworm 
presents one type of dermathophyte and includes the genera Tinea, Trichophyton, 
Epidermophyton and Microsporum [16]. Infections caused by dermatophytes, seem to be rare in 
marine mammals, and therefore also in cetaceans. Limited reports include discrete nodules on 
the back of a captive Atlantic bottlenose dolphin caused by a sp. of Trichophyton [60]. 

6. Marine pollution and the impact of industrialization on cetaceans – A 
possible cause? 

Rapid population growth and industrialization have characterized urban development. 
However, the rate of population growth is far higher than the rate of waste and wastewater 
infrastructure planning and development [1, 66]. This phenomenon has led to ever 
increasing pressure on natural resources and the creation of massive volumes of waste and 
waste water [67]. Marine pollution had been defined as deleterious effects resulting, either 
directly or indirectly, from the introduction of substances or energy by humans to the 
marine environment [66].  High levels of marine pollution especially along urban areas, pose 
a serious threat to the health of humans, as well as marine mammals. Although numbers of 
cetaceans have markedly improved over the past few years as a result of conservation 
efforts, the quality of the habitat in and near bay areas are critical, because these areas are 
used by these marine mammals for feeding, mating and calving [1]. Waste entering the 
marine environment had been categorized into the following groups of activities [68]: 

 Waste from land-based sources such as sewage and industrial effluent discharges, 
storm-water run-off, agricultural and mining return flows, as well as seepage from 
contaminated ground water. These account for the highest percentage of waste to enter 
the sea environment. 

 Atmosphere pollutants, including persistent organic compounds from vehicle exhausts 
and industries. 



 
New Approaches to the Study of Marine Mammals 136 

5.3. Fungal infections of cetacean skin 

5.3.1. Candida 

Species of Candida are commonly associated with the mucous membranes of animals in 
limited numbers, and occur predominantly in the regions of the blowhole, oesophagus, 
vagina and anal area in cetaceans [59-61]. Candida spp. reported from cetaceans include 
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Candida guiliermondii, Candida lambica and Candida ciferrii [59, 60]. Candida zeylanoides was 
also found to be associated with the skin of a southern right whale neonate from South 
Africa [45]. Infections caused by Candida spp. mostly affect captive cetaceans and are usually 
associated with immuno-suppressed individuals, where the Candida infection may 
proliferate and cause severe local infection of the skin or mucosal membranes. In captive 
cetaceans, infections are usually observed after long-term antibiotic therapy [30, 61], but had 
also been reported following corticosteroid treatment of the animals, as well as after 
overtreatment of tank water [59]. These lesions usually occur as whitish, creamy plaques on 
the skin or mucosal surfaces. Histological examinations usually show colonies of 
pseudohyphae, septate hyphae and blastospores [16, 60].  

In cutaneous Candida infections, the skin or mucosal membranes, may suffer acanthosis 
(hyperplasia and thickening of the stratum spinosum) with pseudoepitheliomatous 
hyperplasia, with the fungus growing in the epithelial tissue. These cutaneous Candida 
infections had been reported in a number of cases pertaining to especially captive cetaceans 
and varied from ulcerative dermatitis, to inflammation without ulcers and healed ulcers. 
However, significantly more cases of visceral lesions and systemic candidiasis had been 
reported in these mammals [60]. 

5.3.2. Fusarium 

Fusarium spp. are well known saprophytes in soil, as well as the cause of a range of plant 
diseases. However, they also often cause hyalohyphomycosis after traumatic inoculation in 
humans and seem to be an emerging pathogen in immuno-compromised patients [16]. In 
cetaceans, mycotic dermatitis caused by a Fusarium sp., was reported in a pygmy sperm 
whale and an Atlantic white-sided dolphin. These cetaceans were characterized by elevated, 
firm, erythematous, cutaneous tubercles mostly found on the heads, trunks and caudal 
portions of the cetaceans’ bodies [31]. 

5.3.3. Lacazia loboi 

The yeast-like, dimorphic fungus, Lacazia loboi (formerly known as Laboa loboi) causes 
invasive cutaneous lesions in dolphins and humans [58], known as lobomycosis, lacaziosis 
or keloidal blastomycosis [41, 59, 62]. The first case of keloidal blastomycosis was described 
in 1931 in a human patient from the Amazon valley [63]. This disease was only known to 
affect humans until 1971, when Migaki and co-workers described a case of lobomycosis in 
an Atlantic bottlenose dolphin [64]. In 1973, De Vries and Laarman [63] described another 
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case of this disease in a Guinana dolphin. Interestingly, no other cetaceans other than 
dolphins have ever been reported with this disease [59, 60]. It is generally accepted that the 
disease is the consequence of injuries sustained by the animal [61], and can therefore be 
transmitted to humans during necropsies [58]. It presents itself as white, elevated, crusty, 
nodular lesions on the animal’s body [59-61], although mainly on the head, flippers, 
abdomen, fins, back tail stocks and flukes [60]. On cellular level, the disease presents with 
superficial granulomatous dermatitis, associated with macrophages and multinucleated 
giant cells containing a variety of round yeast cells [61]. More cases of this disease affecting 
cetaceans have been added to the list and recently some authors suggested that the 
incidence of lobomycosis might represent opportunistic infections in immuno-compromised 
hosts [62, 65]. The bio-accumulation of environmental contaminants in the affected dolphins 
was thought to possibly contribute to susceptibility to this disease [62]. 

5.3.4. Dermatophytes 

Dermatophytes are fungi that grow on the outermost layers of the skin of animals, including 
muco-cutaneous membranes, genitalia, external ears, as well as dead skin or hair. Ringworm 
presents one type of dermathophyte and includes the genera Tinea, Trichophyton, 
Epidermophyton and Microsporum [16]. Infections caused by dermatophytes, seem to be rare in 
marine mammals, and therefore also in cetaceans. Limited reports include discrete nodules on 
the back of a captive Atlantic bottlenose dolphin caused by a sp. of Trichophyton [60]. 

6. Marine pollution and the impact of industrialization on cetaceans – A 
possible cause? 

Rapid population growth and industrialization have characterized urban development. 
However, the rate of population growth is far higher than the rate of waste and wastewater 
infrastructure planning and development [1, 66]. This phenomenon has led to ever 
increasing pressure on natural resources and the creation of massive volumes of waste and 
waste water [67]. Marine pollution had been defined as deleterious effects resulting, either 
directly or indirectly, from the introduction of substances or energy by humans to the 
marine environment [66].  High levels of marine pollution especially along urban areas, pose 
a serious threat to the health of humans, as well as marine mammals. Although numbers of 
cetaceans have markedly improved over the past few years as a result of conservation 
efforts, the quality of the habitat in and near bay areas are critical, because these areas are 
used by these marine mammals for feeding, mating and calving [1]. Waste entering the 
marine environment had been categorized into the following groups of activities [68]: 

 Waste from land-based sources such as sewage and industrial effluent discharges, 
storm-water run-off, agricultural and mining return flows, as well as seepage from 
contaminated ground water. These account for the highest percentage of waste to enter 
the sea environment. 

 Atmosphere pollutants, including persistent organic compounds from vehicle exhausts 
and industries. 
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 Waste from ships, oil spills and the discharge of ballast water, as well as other waste. 
 Dumping at sea, e.g. dredge spoil. 
 Offshore exploration, e.g. oil exploration platforms. 

6.1. Human waste into the marine ecosystem 

There are 33 megacities in the world, and 21 of them are situated on coastlines. If one 
considers that at least 50% of the world’s population lives in urban areas, where wastewater 
management systems are often outdated or completely inadequate, the sensitive urban 
coastal ecosystems are under serious threat [66]. It is estimated that over 90% of wastewater 
in developing countries is discharged, without any form of treatment into the marine 
environment, as well as into rivers and lakes. In more developed countries, at least primary 
treatment is required before discharging wastewater into the environment. Consequently, 
millions of litres of raw waste water or digested sludge are released into the marine 
environment. This practice often represents an alternative to tertiary treatment, as well as 
the most inexpensive means of disposal. The effluents released in ocean outfalls contain 
faecal material from domestic waste water and industrial discharges with persistent toxic 
substances and heavy metals. Harmful impacts include risk to public health, beaches, 
marine animals, as well as contamination of shellfish. Moreover, this release of high 
volumes of organic matter into the marine environment or contributory rivers also results in 
eutrophication, which leads to so-called dead zones in the seas and oceans. Approximately 
245 000 km2 of marine environment is thought to be affected by these dead zones [66, 69]. 

Bitton’s [69] book summarized several global surveys of enteric pathogens in contaminated 
sea water. A number of authors reported enteric viruses of the coast of countries such as 
Brazil, France, Israel, Italy, Spain and the USA. The virus types found included polioviruses, 
coxsackie A and B viruses, echo-, adeno- and rotaviruses. These were also detected in 
sediments in close proximity of sewage outfalls, and found to prevail for extended periods 
of time. Also, pathogenic bacteria such as Salmonella and Vibrio cholerae were reported in 
coastal waters near ocean outfalls. Several illnesses among the human population have been 
reported as a result of exposure to bacteria from sewage contaminated water, including spp. 
of Aeromonas, Leptospira, Mycobacterium, Legionella, Pseudomonas, Vibrio and Staphylococcus. 
Adenoviruses were also associated with these illnesses, as well as the protozoa, Naegleria 
fowleri and Acanthamoeba. These microbes were found in cases of wound infections, skin and 
subcutaneous lesions, dermatitis, subcutaneous abscesses, septicaemia, conjunctivitis, 
pharyngitis, meningoencephalitis, Legionnaire’s disease and ear infections. Outbreaks of 
gastroenteritis, on the other hand, were attributed to Giardia and Cryptosporidium, as well as 
E. coli, Shigella and gastroenteritis of unknown origin. 

Some autochthonous microbes have also been documented as agents of disease among 
humans. Pseudomonas aeruginosa, for example, had been reported in immuno-compromised 
patients, and was also detected in high numbers in faecal polluted recreational waters [69]. 
Utilizing such recreational areas, was found not only to be associated with enteric diseases, 
but also with upper respiratory infections. Cases of pneumonia have been attributed to 
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Staphylococcus aureus, Pseudomonas putrefaciens, Aeromonas hydrophila and Legionellae 
pneumophila. Cases of skin infections were found to be caused by opportunistic spp. of 
Aeromonas, Mycobacterium, Staphylococcus and Vibrio, after swimming in contaminated 
recreational waters. 

Sewage pollution may also influence the diversity of potential fungal pathogens that are 
known to infect humans and animals. Keratinophilic microbes occur in high numbers in 
sewage sludge since it contains high concentrations of keratin remnants [16]. These fungi, 
including the so-called dermatophytes are known as causative agents of a wide variety of 
cutaneous and subcutaneous mycoses. Awad and Kraume [23] found the following fungal 
species, retained in the following genera, in aerobic and anoxic sludge from wastewater 
plants in Berlin, Germany: Chrysosporium, Microsporum, Trichophyton, Acremonium, Alternaria, 
Aspergillus, Candida, Chaetomium, Cladosporium, Fusarium, Geotrichum, Gliocladium, 
Gymnoascus, Mucor, Paecilomyces, Penicillium, Scopulariopsis, Sporothrix, Trichoderma and 
Verticillium. It has been stated that the release of these fungi into the environment via 
activated sludge, presents an indisputable health risk [11, 23]. 

6.2. Heavy metals 

Heavy metals are metallic chemical elements with a relatively high density and are also 
known as ‘toxic metals’. This group includes elements such as copper (Cu), zinc (Zn), lead 
(Pb), mercury (Hg), nickel (Ni), cobalt (Co), arsenic (As), thallium (Tl) and chromium (Cr). 
These metals are common components of the earth’s crust and occur naturally in ecosystems 
at different concentrations. However, the bio-available concentrations of these elements 
have increased significantly over time since the dawn of the Industrial Revolution. The 
resulting bio-accumulation of these metals has reached critical levels in many ecosystems. 
These elements enter the water supply through industrial and consumer waste, or acidic 
rain that in turn causes chemical reactions in soil releasing the metals into streams, rivers 
and ground water. Additional sources include waste from chemical, electro-plating, 
tanning, smelting and especially the mining industry [70]. Previously, the lead added to 
motor fuels as an anti-knock agent was released on large scale into the atmosphere in 
exhaust fumes with a substantial proportion settling on road surfaces. Run-off water from 
these surfaces therefore contained high levels of lead. Urbanized and heavy industrialized 
areas are consequently the foci of heavy metal pollution [71]. 

Living organisms require small amounts of certain heavy metals or trace elements for 
normal metabolic processes, in the form of co-factors in enzymes. Some heavy metals such 
as Cd, As, Pb and Hg pose the biggest threat to the health of humans and animals, and daily 
intake of these metals are toxic and often fatal.  Long-term exposure of humans to As in 
drinking water for example, had been reported to cause increased risk to skin and other 
types of cancer, as well as other skin lesions including hyperkeratosis and pigmentation 
anomalies. Similarly, Cd exposure is associated with kidney damage and increased 
incidence of bone fractures [70]. Marine mammals often occupy the top levels of marine 
food chains, and therefore, heavy metals accumulate in these animals [72]. In water, heavy 
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 Waste from ships, oil spills and the discharge of ballast water, as well as other waste. 
 Dumping at sea, e.g. dredge spoil. 
 Offshore exploration, e.g. oil exploration platforms. 

6.1. Human waste into the marine ecosystem 

There are 33 megacities in the world, and 21 of them are situated on coastlines. If one 
considers that at least 50% of the world’s population lives in urban areas, where wastewater 
management systems are often outdated or completely inadequate, the sensitive urban 
coastal ecosystems are under serious threat [66]. It is estimated that over 90% of wastewater 
in developing countries is discharged, without any form of treatment into the marine 
environment, as well as into rivers and lakes. In more developed countries, at least primary 
treatment is required before discharging wastewater into the environment. Consequently, 
millions of litres of raw waste water or digested sludge are released into the marine 
environment. This practice often represents an alternative to tertiary treatment, as well as 
the most inexpensive means of disposal. The effluents released in ocean outfalls contain 
faecal material from domestic waste water and industrial discharges with persistent toxic 
substances and heavy metals. Harmful impacts include risk to public health, beaches, 
marine animals, as well as contamination of shellfish. Moreover, this release of high 
volumes of organic matter into the marine environment or contributory rivers also results in 
eutrophication, which leads to so-called dead zones in the seas and oceans. Approximately 
245 000 km2 of marine environment is thought to be affected by these dead zones [66, 69]. 

Bitton’s [69] book summarized several global surveys of enteric pathogens in contaminated 
sea water. A number of authors reported enteric viruses of the coast of countries such as 
Brazil, France, Israel, Italy, Spain and the USA. The virus types found included polioviruses, 
coxsackie A and B viruses, echo-, adeno- and rotaviruses. These were also detected in 
sediments in close proximity of sewage outfalls, and found to prevail for extended periods 
of time. Also, pathogenic bacteria such as Salmonella and Vibrio cholerae were reported in 
coastal waters near ocean outfalls. Several illnesses among the human population have been 
reported as a result of exposure to bacteria from sewage contaminated water, including spp. 
of Aeromonas, Leptospira, Mycobacterium, Legionella, Pseudomonas, Vibrio and Staphylococcus. 
Adenoviruses were also associated with these illnesses, as well as the protozoa, Naegleria 
fowleri and Acanthamoeba. These microbes were found in cases of wound infections, skin and 
subcutaneous lesions, dermatitis, subcutaneous abscesses, septicaemia, conjunctivitis, 
pharyngitis, meningoencephalitis, Legionnaire’s disease and ear infections. Outbreaks of 
gastroenteritis, on the other hand, were attributed to Giardia and Cryptosporidium, as well as 
E. coli, Shigella and gastroenteritis of unknown origin. 

Some autochthonous microbes have also been documented as agents of disease among 
humans. Pseudomonas aeruginosa, for example, had been reported in immuno-compromised 
patients, and was also detected in high numbers in faecal polluted recreational waters [69]. 
Utilizing such recreational areas, was found not only to be associated with enteric diseases, 
but also with upper respiratory infections. Cases of pneumonia have been attributed to 
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Staphylococcus aureus, Pseudomonas putrefaciens, Aeromonas hydrophila and Legionellae 
pneumophila. Cases of skin infections were found to be caused by opportunistic spp. of 
Aeromonas, Mycobacterium, Staphylococcus and Vibrio, after swimming in contaminated 
recreational waters. 

Sewage pollution may also influence the diversity of potential fungal pathogens that are 
known to infect humans and animals. Keratinophilic microbes occur in high numbers in 
sewage sludge since it contains high concentrations of keratin remnants [16]. These fungi, 
including the so-called dermatophytes are known as causative agents of a wide variety of 
cutaneous and subcutaneous mycoses. Awad and Kraume [23] found the following fungal 
species, retained in the following genera, in aerobic and anoxic sludge from wastewater 
plants in Berlin, Germany: Chrysosporium, Microsporum, Trichophyton, Acremonium, Alternaria, 
Aspergillus, Candida, Chaetomium, Cladosporium, Fusarium, Geotrichum, Gliocladium, 
Gymnoascus, Mucor, Paecilomyces, Penicillium, Scopulariopsis, Sporothrix, Trichoderma and 
Verticillium. It has been stated that the release of these fungi into the environment via 
activated sludge, presents an indisputable health risk [11, 23]. 

6.2. Heavy metals 

Heavy metals are metallic chemical elements with a relatively high density and are also 
known as ‘toxic metals’. This group includes elements such as copper (Cu), zinc (Zn), lead 
(Pb), mercury (Hg), nickel (Ni), cobalt (Co), arsenic (As), thallium (Tl) and chromium (Cr). 
These metals are common components of the earth’s crust and occur naturally in ecosystems 
at different concentrations. However, the bio-available concentrations of these elements 
have increased significantly over time since the dawn of the Industrial Revolution. The 
resulting bio-accumulation of these metals has reached critical levels in many ecosystems. 
These elements enter the water supply through industrial and consumer waste, or acidic 
rain that in turn causes chemical reactions in soil releasing the metals into streams, rivers 
and ground water. Additional sources include waste from chemical, electro-plating, 
tanning, smelting and especially the mining industry [70]. Previously, the lead added to 
motor fuels as an anti-knock agent was released on large scale into the atmosphere in 
exhaust fumes with a substantial proportion settling on road surfaces. Run-off water from 
these surfaces therefore contained high levels of lead. Urbanized and heavy industrialized 
areas are consequently the foci of heavy metal pollution [71]. 

Living organisms require small amounts of certain heavy metals or trace elements for 
normal metabolic processes, in the form of co-factors in enzymes. Some heavy metals such 
as Cd, As, Pb and Hg pose the biggest threat to the health of humans and animals, and daily 
intake of these metals are toxic and often fatal.  Long-term exposure of humans to As in 
drinking water for example, had been reported to cause increased risk to skin and other 
types of cancer, as well as other skin lesions including hyperkeratosis and pigmentation 
anomalies. Similarly, Cd exposure is associated with kidney damage and increased 
incidence of bone fractures [70]. Marine mammals often occupy the top levels of marine 
food chains, and therefore, heavy metals accumulate in these animals [72]. In water, heavy 
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metals may be found in solution in the water column, as colloids, as suspended particles or 
absorbed to particulate matter [71]. The latter form often ends up as a constituent of the 
sediment and at least a portion is released again into the water column. It is also important 
to realize and take into account that not all sources of heavy metals are anthropogenic. 
The Mediterranean Sea for example is known for its natural high levels of Hg, and 
likewise the Arctic Sea for higher cadmium (Cd) concentrations [72]. Furthermore, 
different organs tend to accumulate different heavy metals, and are therefore metal 
specific. Heavy metals enter cetaceans through their lungs, skin (absorption), from the 
mother during gestation, through milk during nursing, as well as by ingestion of sea 
water and food. Also, mysticetes seem to be less affected by heavy metal accumulation as 
a result of their position in the food chain, when compared to odontocetes that occupy the 
top level. Interestingly, heavy metal levels are higher in older individuals and non-
breeding females. All these factors should be taken into account in studies on the effects 
of these metals on marine mammals. 

A recent multi-factorial study [73] on mass stranded sperm whales (Physeter macrocephalus) 
revealed relatively high levels of environmental pollutants, including organic Hg (MeHg), 
Se, Cd, with a Hg:Se ratio of 1:1.  Also, opportunistic bacteria cultured from selected organs 
included representatives of Vibrio, Aeromonas hydrophila and Enterococcus. The authors 
concluded that these whales were presumably starved causing the mobilization of lipophilic 
contaminants which accumulated in the adipose tissue. These chemical compounds entered 
the blood circulation causing immuno- and neurotoxic effects which led to impaired 
orientation and space perceptions in these sperm whales [73]. 

6.3. POPs 

It is a generally accepted fact that that persistent organic pollutants (POPs) cause harm to 
human and animal tissue, earning them a reputation of ‘the most widespread and toxic 
group of pollutants’, as well as ‘poisons without passports’ [74-78]. Humans and animals 
worldwide were found to be carriers of POPs; from trace up to harmful amounts in their 
bodies [79-81]. Persistent organic pollutants include the chlorinated pesticides aldrin, 
dieldrin, dichlorodiphenyltrichloroethane (DDT), endrin, heptachlor, hexachlorobenzene, 
mirex and toxaphene, as well as industrial chemicals like PCBs, and the unwanted waste by-
products polychlorinated dibenzo-p-dioxin and dibenzofurans (PCDD/F), and brominated 
flame retardants [75]. These chemicals have common, but distinct chemical and physical 
characteristics including: 

 POPs ‘persist’ in a certain environment resisting physical, chemical and/or biological 
processes of break-down;  

 POPs are transported via air/water currents over long distances because they are semi-
volatile causing them to evaporate slowly and enter the atmosphere. They then return 
to earth in rain and snow in colder areas leading to accumulation in regions such as the 
Arctic which is thousands of kilometres away from their source; 
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 POPs have adverse effects in human and animal tissue even at very low concentrations. 
Some of these compounds disrupt normal biological functions, including hormone and 
other chemical messengers leading to metabolic conditions [79]; 

 POPs have a low water and high lipid solubility, resulting in bio-accumulation in the 
fatty tissue of living organisms and cannot be excreted readily. Also, bio-magnification 
occurs causing an accumulation effect by factors of many thousands or even millions, as 
these compounds move up food chains [74, 77, 80, 82]. 

These chemical compounds are primarily products and by-products of industrial processes, 
synthetic chemical manufacturing and waste incineration ([80, 81]. Their existence dates 
back to the industrial boom after World War II, but are currently ubiquitous, and are found 
in food as well as soil, the atmosphere and various water bodies. In 2001, the United Nations 
Environment Program (UNEP) completed global negotiations with the signing of the so-
called Stockholm convention on banning certain POPs, collectively known as the ‘dirty 
dozen’. During this assessment, certain criteria for the identification and listing of chemicals 
under the convention were identified. New POPs that were identified during the survey 
include butylated tin, methylated mercury and polyaromatic hydrocarbon (PAH), as well as 
other less studied compounds such as chlorinated paraffin’s, brominated diphenyl ethers 
and other flame retardants. 

The big concern caused by organo-chlorines is because of growing evidence that these 
compounds act as endocrine disruptors [79, 83]. The U.S. EPA [83] report defined endocrine 
disruptors as ‘exogenous agents that interfere with the synthesis, secretion, transport, 
binding, action or elimination of natural hormones in the body that are responsible for the 
maintenance of homeostasis, reproduction, development and/or behaviour’. The science of 
endocrine disruption is still very new (only about 2 decades) and long term studies with 
effect results are therefore still preliminary [80]. The hormone disrupting effects differ 
according to the exposure situation and depend on the relative occurrence of the active 
congeners, specifically on the trophic level from which the food originates. For example, 
contaminants in the marine food chain of the Arctic Inuit population follow a very long 
passage. The result is that the higher, slowly metabolized, higher chlorinated PCBs will 
dominate over the lower chlorinated and more readily metabolized congeners. This 
situation will therefore create a specific effect on the hormonal balance, which will be 
different from other populations exposed more directly to the sources of these contaminants 
[76]. Toxic contaminants can also act as causal or aggravating factors in the development of 
a range of metabolic disorders. Several studies reported a correlation between metabolic 
disorders such as diabetes and cardiovascular disease, and lipid adjusted serum levels of 
substances like PCBs and dioxins. At present, 80% of the adult Greenlandic human 
population has PCB serum values in excess of 10 µg/l; a concentration shown to cause 
increased incidences of diabetes. Processes related to the development of metabolic 
disorders in which toxic contaminants may play an aggravating role include: (1) Pro-
inflammatory effect through the formation of pro-inflammatory cytokines, oxidative stress 
and/or the formation of reactive oxygen species, (2) modulation of fatty acid metabolism, (3) 
influence on nuclear receptors, (4) effects on steroidogenesis, and (5) influence on uric acid 
levels [76]. 
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metals may be found in solution in the water column, as colloids, as suspended particles or 
absorbed to particulate matter [71]. The latter form often ends up as a constituent of the 
sediment and at least a portion is released again into the water column. It is also important 
to realize and take into account that not all sources of heavy metals are anthropogenic. 
The Mediterranean Sea for example is known for its natural high levels of Hg, and 
likewise the Arctic Sea for higher cadmium (Cd) concentrations [72]. Furthermore, 
different organs tend to accumulate different heavy metals, and are therefore metal 
specific. Heavy metals enter cetaceans through their lungs, skin (absorption), from the 
mother during gestation, through milk during nursing, as well as by ingestion of sea 
water and food. Also, mysticetes seem to be less affected by heavy metal accumulation as 
a result of their position in the food chain, when compared to odontocetes that occupy the 
top level. Interestingly, heavy metal levels are higher in older individuals and non-
breeding females. All these factors should be taken into account in studies on the effects 
of these metals on marine mammals. 

A recent multi-factorial study [73] on mass stranded sperm whales (Physeter macrocephalus) 
revealed relatively high levels of environmental pollutants, including organic Hg (MeHg), 
Se, Cd, with a Hg:Se ratio of 1:1.  Also, opportunistic bacteria cultured from selected organs 
included representatives of Vibrio, Aeromonas hydrophila and Enterococcus. The authors 
concluded that these whales were presumably starved causing the mobilization of lipophilic 
contaminants which accumulated in the adipose tissue. These chemical compounds entered 
the blood circulation causing immuno- and neurotoxic effects which led to impaired 
orientation and space perceptions in these sperm whales [73]. 

6.3. POPs 

It is a generally accepted fact that that persistent organic pollutants (POPs) cause harm to 
human and animal tissue, earning them a reputation of ‘the most widespread and toxic 
group of pollutants’, as well as ‘poisons without passports’ [74-78]. Humans and animals 
worldwide were found to be carriers of POPs; from trace up to harmful amounts in their 
bodies [79-81]. Persistent organic pollutants include the chlorinated pesticides aldrin, 
dieldrin, dichlorodiphenyltrichloroethane (DDT), endrin, heptachlor, hexachlorobenzene, 
mirex and toxaphene, as well as industrial chemicals like PCBs, and the unwanted waste by-
products polychlorinated dibenzo-p-dioxin and dibenzofurans (PCDD/F), and brominated 
flame retardants [75]. These chemicals have common, but distinct chemical and physical 
characteristics including: 

 POPs ‘persist’ in a certain environment resisting physical, chemical and/or biological 
processes of break-down;  

 POPs are transported via air/water currents over long distances because they are semi-
volatile causing them to evaporate slowly and enter the atmosphere. They then return 
to earth in rain and snow in colder areas leading to accumulation in regions such as the 
Arctic which is thousands of kilometres away from their source; 
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 POPs have adverse effects in human and animal tissue even at very low concentrations. 
Some of these compounds disrupt normal biological functions, including hormone and 
other chemical messengers leading to metabolic conditions [79]; 

 POPs have a low water and high lipid solubility, resulting in bio-accumulation in the 
fatty tissue of living organisms and cannot be excreted readily. Also, bio-magnification 
occurs causing an accumulation effect by factors of many thousands or even millions, as 
these compounds move up food chains [74, 77, 80, 82]. 

These chemical compounds are primarily products and by-products of industrial processes, 
synthetic chemical manufacturing and waste incineration ([80, 81]. Their existence dates 
back to the industrial boom after World War II, but are currently ubiquitous, and are found 
in food as well as soil, the atmosphere and various water bodies. In 2001, the United Nations 
Environment Program (UNEP) completed global negotiations with the signing of the so-
called Stockholm convention on banning certain POPs, collectively known as the ‘dirty 
dozen’. During this assessment, certain criteria for the identification and listing of chemicals 
under the convention were identified. New POPs that were identified during the survey 
include butylated tin, methylated mercury and polyaromatic hydrocarbon (PAH), as well as 
other less studied compounds such as chlorinated paraffin’s, brominated diphenyl ethers 
and other flame retardants. 

The big concern caused by organo-chlorines is because of growing evidence that these 
compounds act as endocrine disruptors [79, 83]. The U.S. EPA [83] report defined endocrine 
disruptors as ‘exogenous agents that interfere with the synthesis, secretion, transport, 
binding, action or elimination of natural hormones in the body that are responsible for the 
maintenance of homeostasis, reproduction, development and/or behaviour’. The science of 
endocrine disruption is still very new (only about 2 decades) and long term studies with 
effect results are therefore still preliminary [80]. The hormone disrupting effects differ 
according to the exposure situation and depend on the relative occurrence of the active 
congeners, specifically on the trophic level from which the food originates. For example, 
contaminants in the marine food chain of the Arctic Inuit population follow a very long 
passage. The result is that the higher, slowly metabolized, higher chlorinated PCBs will 
dominate over the lower chlorinated and more readily metabolized congeners. This 
situation will therefore create a specific effect on the hormonal balance, which will be 
different from other populations exposed more directly to the sources of these contaminants 
[76]. Toxic contaminants can also act as causal or aggravating factors in the development of 
a range of metabolic disorders. Several studies reported a correlation between metabolic 
disorders such as diabetes and cardiovascular disease, and lipid adjusted serum levels of 
substances like PCBs and dioxins. At present, 80% of the adult Greenlandic human 
population has PCB serum values in excess of 10 µg/l; a concentration shown to cause 
increased incidences of diabetes. Processes related to the development of metabolic 
disorders in which toxic contaminants may play an aggravating role include: (1) Pro-
inflammatory effect through the formation of pro-inflammatory cytokines, oxidative stress 
and/or the formation of reactive oxygen species, (2) modulation of fatty acid metabolism, (3) 
influence on nuclear receptors, (4) effects on steroidogenesis, and (5) influence on uric acid 
levels [76]. 
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In cetaceans, POP pollution has been documented to cause a variety of species-specific and 
congener-specific toxic and physiological effects. These include the formation of cancers, 
reproductive and endocrine impairment, skeletal anomalies, immune-suppression, as well 
as organ-specific disorders [1, 79, 84]. Also, the POP effects are often not seen in the exposed 
generation but rather in the second or third generation offspring [83, 85]. Since these 
compounds are lipophilic, they accumulate in the blubber of cetaceans and other marine 
mammals [84]. In cetaceans, PCBs are a recognized immuno-suppressant and many 
researchers believe that high levels of these and other POPs reduce resistance of these 
animals to disease due to their poor ability to metabolize these compounds [1, 58, 79, 84]. If 
contamination levels are high enough, it is possible for marine pollution to cause outright 
deaths of cetaceans. One such case was in the St. Lawrence Estuary in Canada where a 
marine reserve was established for a resident population of beluga whales. At the time of 
the article, about one beluga corpse was being washed up every week. These whales had 
signs of depressed immune systems, complications with digestive systems and carcinogenic 
tumours. Clinical testing revealed levels of contamination so high that the corpses had to be 
treated as toxic waste under the Canadian legislation [86]. 

6.4. Plastics 

Plastics are widely used globally for packaging and storage, because they are relatively 
inexpensive, light weight, convenient and do not break easily. However, they also create 
widespread environmental concerns, because they are manufactured from petroleum, which 
is a non-renewable and usually imported resource [87]. Moreover, plastics degrade very 
slowly, resulting in alarming volumes ending up in landfills and the marine environment. 
Plastics also present a health hazard. Cooking and storing food in plastic containers cause 
migration of chemicals, such as Bisphenol A (BPA), into food and beverages. Types of 
plastics that have been shown to leach these substances are polycarbonate, polyvinyl 
chloride (PVC) and styrene. Interestingly, the leaching effect increases with heating, freezing 
and contact with oily or fatty food. A number of studies revealed evidence that human and 
wildlife populations are exposed to levels of BPA high enough to cause harmful 
developmental and reproductive effects in a number of species and laboratory animal 
studies [88]. Canada’s government ruled in April 2008 that BPA is harmful to infants and 
toddlers and announced plans to ban certain products. Some states in the USA are also 
considering bills to restrict or ban BPA from children’s products (Reuters, 14 September 
2008). However, after considering extensive research, the European Commission concluded 
(2008) that products containing BPA were safe for consumers, as long as the products were 
used as indicated by the manufacturer. In Canada, a ban on the importation, sale and 
advertising of polycarbonate baby bottles was enforced, together with implementation of 
efforts to reduce levels of BPA in infant formula, to the lowest achievable concentrations. 
The use of water bottles, sport bottles, sport equipment, etc. was considered to be safe and 
exposure from these, regarded to be very low. However, BPA was listed as ‘CEPA toxic’ in 
Canada in October 2010, to allow Environment Canada to establish water quality standard 
to restrict BPA levels in effluent discharges to the environment [89]. BPA is a common 
component of wastewater entering the oceans [90-92]. 
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7. Conclusions 

Under natural conditions and in a pristine environment, cetacean skin usually acts as an 
effective barrier against the environment, as well as against potential pathogenic microbes. 
The relatively thick, keratin-rich skin provides a physical barrier against injury and 
penetration by pathogens, while immune cells of both the innate and adaptive immune 
system occur in the skin.  Despite this seemingly formidable barrier numerous different skin 
lesions were reported on cetaceans all over the globe during past decades. Many microbial 
species, including known pathogens, were found to be associated with the lesions. Viruses, 
bacteria and fungi were frequently encountered in the lesions, which seems to be more 
prevalent among immuno-compromised cetacean populations, and those subjected to 
pollution. 

Typical toxic pollutants that enter the coastal waters via urban effluents all over the globe 
are heavy metals, POPs and plastics. The detrimental effects of these toxins on mammalian 
physiology are well known and include neuro-toxic effects, endocrine disruption, harmful 
effects on the reproductive system, as well as an impaired immune system. The latter would 
render mammals, including cetaceans, more susceptible to microbial infections. Moreover, 
taking into account that the large volumes of sewage effluents entering the oceans contain 
opportunistic pathogens, such as keratinophilic fungi, the development of skin lesions on a 
cetacean with an already compromised immune system as a result of toxic pollutants, seems 
inevitable. 

Numerous case studies were reported where skin lesions were found on cetaceans from 
polluted waters. However, a clear connection between pollution levels and lesion incidence 
based on sound statistical analyses was not established. Nevertheless, surveys conducted on 
similar dolphin populations subjected to different levels of pollution, indicated that skin 
lesions among these animals were more prevalent in populations subjected to a polluted 
environment. Considering these results, together with known physiological effects of toxic 
pollutants, skin lesions among cetaceans may be indicative of an ecosystem under severe 
pressure as a result of anthropogenic activities. Since pollution levels are increasing in all the 
oceans of the world, it is imperative that more correlations between cetacean skin lesions 
and pollution levels be expediently studied on ecosystem, organismal, cellular and sub-
cellular levels.  The findings of such studies can be used by decision makers to manage 
anthropogenic activities, in such a manner that pollution to the marine environment is 
reduced for a sustainable planet. 
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In cetaceans, POP pollution has been documented to cause a variety of species-specific and 
congener-specific toxic and physiological effects. These include the formation of cancers, 
reproductive and endocrine impairment, skeletal anomalies, immune-suppression, as well 
as organ-specific disorders [1, 79, 84]. Also, the POP effects are often not seen in the exposed 
generation but rather in the second or third generation offspring [83, 85]. Since these 
compounds are lipophilic, they accumulate in the blubber of cetaceans and other marine 
mammals [84]. In cetaceans, PCBs are a recognized immuno-suppressant and many 
researchers believe that high levels of these and other POPs reduce resistance of these 
animals to disease due to their poor ability to metabolize these compounds [1, 58, 79, 84]. If 
contamination levels are high enough, it is possible for marine pollution to cause outright 
deaths of cetaceans. One such case was in the St. Lawrence Estuary in Canada where a 
marine reserve was established for a resident population of beluga whales. At the time of 
the article, about one beluga corpse was being washed up every week. These whales had 
signs of depressed immune systems, complications with digestive systems and carcinogenic 
tumours. Clinical testing revealed levels of contamination so high that the corpses had to be 
treated as toxic waste under the Canadian legislation [86]. 

6.4. Plastics 

Plastics are widely used globally for packaging and storage, because they are relatively 
inexpensive, light weight, convenient and do not break easily. However, they also create 
widespread environmental concerns, because they are manufactured from petroleum, which 
is a non-renewable and usually imported resource [87]. Moreover, plastics degrade very 
slowly, resulting in alarming volumes ending up in landfills and the marine environment. 
Plastics also present a health hazard. Cooking and storing food in plastic containers cause 
migration of chemicals, such as Bisphenol A (BPA), into food and beverages. Types of 
plastics that have been shown to leach these substances are polycarbonate, polyvinyl 
chloride (PVC) and styrene. Interestingly, the leaching effect increases with heating, freezing 
and contact with oily or fatty food. A number of studies revealed evidence that human and 
wildlife populations are exposed to levels of BPA high enough to cause harmful 
developmental and reproductive effects in a number of species and laboratory animal 
studies [88]. Canada’s government ruled in April 2008 that BPA is harmful to infants and 
toddlers and announced plans to ban certain products. Some states in the USA are also 
considering bills to restrict or ban BPA from children’s products (Reuters, 14 September 
2008). However, after considering extensive research, the European Commission concluded 
(2008) that products containing BPA were safe for consumers, as long as the products were 
used as indicated by the manufacturer. In Canada, a ban on the importation, sale and 
advertising of polycarbonate baby bottles was enforced, together with implementation of 
efforts to reduce levels of BPA in infant formula, to the lowest achievable concentrations. 
The use of water bottles, sport bottles, sport equipment, etc. was considered to be safe and 
exposure from these, regarded to be very low. However, BPA was listed as ‘CEPA toxic’ in 
Canada in October 2010, to allow Environment Canada to establish water quality standard 
to restrict BPA levels in effluent discharges to the environment [89]. BPA is a common 
component of wastewater entering the oceans [90-92]. 
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7. Conclusions 

Under natural conditions and in a pristine environment, cetacean skin usually acts as an 
effective barrier against the environment, as well as against potential pathogenic microbes. 
The relatively thick, keratin-rich skin provides a physical barrier against injury and 
penetration by pathogens, while immune cells of both the innate and adaptive immune 
system occur in the skin.  Despite this seemingly formidable barrier numerous different skin 
lesions were reported on cetaceans all over the globe during past decades. Many microbial 
species, including known pathogens, were found to be associated with the lesions. Viruses, 
bacteria and fungi were frequently encountered in the lesions, which seems to be more 
prevalent among immuno-compromised cetacean populations, and those subjected to 
pollution. 

Typical toxic pollutants that enter the coastal waters via urban effluents all over the globe 
are heavy metals, POPs and plastics. The detrimental effects of these toxins on mammalian 
physiology are well known and include neuro-toxic effects, endocrine disruption, harmful 
effects on the reproductive system, as well as an impaired immune system. The latter would 
render mammals, including cetaceans, more susceptible to microbial infections. Moreover, 
taking into account that the large volumes of sewage effluents entering the oceans contain 
opportunistic pathogens, such as keratinophilic fungi, the development of skin lesions on a 
cetacean with an already compromised immune system as a result of toxic pollutants, seems 
inevitable. 

Numerous case studies were reported where skin lesions were found on cetaceans from 
polluted waters. However, a clear connection between pollution levels and lesion incidence 
based on sound statistical analyses was not established. Nevertheless, surveys conducted on 
similar dolphin populations subjected to different levels of pollution, indicated that skin 
lesions among these animals were more prevalent in populations subjected to a polluted 
environment. Considering these results, together with known physiological effects of toxic 
pollutants, skin lesions among cetaceans may be indicative of an ecosystem under severe 
pressure as a result of anthropogenic activities. Since pollution levels are increasing in all the 
oceans of the world, it is imperative that more correlations between cetacean skin lesions 
and pollution levels be expediently studied on ecosystem, organismal, cellular and sub-
cellular levels.  The findings of such studies can be used by decision makers to manage 
anthropogenic activities, in such a manner that pollution to the marine environment is 
reduced for a sustainable planet. 
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1. Introduction 

1.1. Location and general characteristics of the pinniped population 

1.1.1. Otariid and phocid species of Uruguay 

Uruguay has 450 km of shorelines along the La Plata River and 220 km along the Atlantic 
Ocean (MTOP-PNUD-UNESCO, 1980). Two species of Otariids breed and reproduce on 
Uruguayan Atlantic islands: the South American fur seal, Arctocephalus australis 
(Zimmermann, 1783) (Fig. 1), and the South American sea lion, Otaria flavescens (Shaw, 
1800), (Fig. 2), (Ponce de León, 2000; Ponce de León & Pin 2006; Vaz-Ferreira, 1976, 1982). 
Both are polygynous, gregarious and show strong sexual dimorphism (Bartholomew, 1970). 
South American fur seal adult males reach lengths of 1.9 m and weigh from 120 kg to 200 
kg, while females can reach 1.4 m long and weigh from 40 kg to 55 kg, and newborns can be 
from 0.4 m to 0.5 m long and weigh from 3.5 kg to 5.5 kg (Vaz-Ferreira, 1982). Sea lion males 
may reach 2.8 m and weigh up to 354 kg while adult females are much smaller, reaching up 
to 1.9 m long and weighing as much as 150.0 kg (Ponce de León, 2000). Newborns in this 
species are between 0.7 m and 0.9 m long and weigh from 10.0 kg to 17.0 kg (Cappozzo et 
al., 1994). A third pinniped species, the southern elephant seal Mirounga leonina (Fig. 3), is a 
frequent visitor of Uruguayan islands and shorelines, although its reproductive areas are 
located in Argentina. Elephant seals can reach up to 5 m, 3 m or 1.3 m in length for males, 
females and pups respectively, and they can weigh as much as 5,000 kg, 800 kg from 40 kg 
to 50 kg (Reeves et al., 1992). 
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Figure 1. Group of South American fur seal Arctocephalus australis males, females and pups on Lobos 
Island. Photograph: A. Ponce de León. 

 
Figure 2. South American sea lion Otaria flavescens reproductive groups with pups on Marco Island 
with pups. Photograph: A. Ponce de León. 
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Figure 3. Young male southern elephant seal Mirounga leonina on Coronilla’s Islet. Photograph: A. 
Ponce de León. 

1.2. Brief exploitation history 

The exploitation of fur seals by Europeans in Uruguay is known to have begun in 1516, soon 
after the Spaniards explored the South Western Atlantic Ocean. During this exploration, 
Juan Díaz de Solís discovered the La Plata River and his crew landed on Isla de Lobos, 
where they killed 66 seals for their meat to be salted and consumed on their way back to 
Europe. The first semi-organized commercial exploitation took place in 1724, and the seal oil 
obtained was used for illuminating the city of Maldonado. From 1792 the Real Compañía 
Marítima, under direct instructions of the King of Spain, was responsible for sealing, until 
England invaded the territory in 1808. Shortly after, seal harvesting was carried out by 
private concessionaries and controlled by the local Government. From 1873 to 1900 a total of 
440,000 seals were slaughtered (annual average of 16,000 pelts), whereas no records are 
available from 1901 to 1909. Further on, from 1910 to 1942, 72,000 South American fur seals 
were killed, as well as 17,000 more between 1943 and 1947. Due to the uncontrolled 
exploitation, populations of both seal species began to decrease. After 1950 a new 
management scheme started on Isla de Lobos, based on the system used for Northern fur 
seals (Callorhinus ursinus) in Pribilof Islands (Alaska), and the harvest was restricted to 
males. Also, private sector concessions were suspended, and the Government directly 
organized the harvesting program and related activities. Between 1959 and 1991 a total of 
276,000 South American fur seals were removed (about 8,400 animals per year) and from 
1967 to 1978, 36,400 sea lions were also slaughtered (3,000 animals per year). Products taken 
were crude skins, oil, meat and male genitals. Pelts were tanned and prepared in specific 
areas in Uruguay. Carcasses and fat were processed to obtain special oil for making soap, 
cosmetics and paints. In the XIX century, seal oil was used for illuminating the main streets 
of some cities. The meat was sometimes dried and given to the Montevideo Zoo for feeding 
big cats, eagles and condors. Since 1980, genitals were processed and sold for preparing 
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were crude skins, oil, meat and male genitals. Pelts were tanned and prepared in specific 
areas in Uruguay. Carcasses and fat were processed to obtain special oil for making soap, 
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of some cities. The meat was sometimes dried and given to the Montevideo Zoo for feeding 
big cats, eagles and condors. Since 1980, genitals were processed and sold for preparing 



 
New Approaches to the Study of Marine Mammals 154 

medicines and aphrodisiacs (Acosta y Lara, 1884; DINARA, 2006; Pérez Fontana, 1943; 
Ponce de León, 2000; Vaz-Ferreira 1982; Vaz-Ferreira & Ponce de León, 1984, 1987). 

Harvesting and slaughtering of Uruguayan seals stopped in 1978 for South American sea 
lions and in 1991 for South American fur seals. From 1992 to the present day, the conservation 
and preservation of pinnipeds and cetacean species are under control of the National Direction 
of Aquatic Resources (DINARA: Dirección Nacional de Recursos Acuáticos).  

1.3. Local geographical distribution   

Uruguayan South American fur seal and sea lion colonies are located on three main islands 
in the Atlantic Ocean: 1) Isla de Lobos and Lobos Islet, 9,260 m off Punta del Este 
(Department of Maldonado); 2) Torres Group Islands (Rasa Island, Encantada Island and Islet) 
close to Polonio’s Cape (Department of Rocha) and 3) Marco Island close to Valizas 
(Department of Rocha). There are two more small islets close to La Coronilla (Department of 
Rocha), where small groups of sea lions aggregate in reproductive areas (Fig. 4). Sometimes, a 
few South American fur seals also appear on these islands (Ponce de León, 2000; Ponce de 
León & Pin, 2006; Smith, 1934; Vaz Ferreira, 1950, 1952, 1956; Vaz Ferreira & Ponce de León, 
1984, 1987).  

 
Figure 4. Location of Uruguayan South American fur seal and sea lion calving, breeding and mating 
islands close to the shorelines of the Departments of Maldonado and Rocha : Isla de Lobos (35º 01’ 38” S 
– 54º 52’ 55” W) and Lobos Islet; Rasa Island (34º 24’ 12” S – 53º 46’ 10” W), Encantada Island (34º 24’ 26” 
S – 53º 45’ 56” W), Torres Islet (34º 24’ 09” S – 53º 44’ 59” W); Marco Island (34º 20’ 59” S – 53º 44’ 26” 
W); 3) Verde Island and Coronilla’s Islet (33º 56’ 21” S – 53º 29’ 15” W). Isobath data layer obtained from 
FREPLATA-Proyecto de Protección Ambiental del Río de la Plata y su Frente Marítimo 
(www.freplata.org). 
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1.4. Biology, population state and trends 

Parturition and mating occur between November and January for South American fur seals 
and during January and February for South American sea lions (Franco-Trecu, 2005; Ponce 
de León, 2000, 2001; Ponce de León & Pin, 2006; Trimble, 2008). Gestation lasts around one 
year. In South American fur seals, lactation extends for several months and weaning begins 
between the 8th and the 12th month of age (Ponce de León, 1983, 1984, 2000; Ponce de León & 
Pin, 2006). From the 6th month of age, pups start eating fish and small mollusks as can be 
seen when analyzing stomach contents and gastrointestinal parasites of indirect cycle (Katz 
et al., 2012; Morgades et al., 2006). In some cases, South American fur seal lactation can be 
extended further, and the mother has to feed two pups from two consecutive breeding 
seasons: the yearling pup and the new one (Vaz-Ferreira & Ponce de León, 1987). In sea 
lions, there is a mother-pup relation for one year and in some cases for two (Vaz-Ferreira & 
Achaval, 1979) or possibly, up to three years (Soto, 1999). Little is known about the exact 
time of weaning, and whether pups are mixing milk with solid prey. It was suggested that 
weaning occurs when the mother actively rejects the older pup because a new one is born 
(Vaz-Ferreira, 1981; Vaz-Ferreira & Achaval, 1979). 

South American fur seals have a lek reproductive system (Franco-Trecu, 2005). During the 
reproductive season, males fight each other to defend territories in very violent battles that 
can result in serious wounds and scars (Ponce de León, 2000; Ponce de León & Pin, 2006; 
Vaz-Ferreira, 1976, 1982; Vaz-Ferreira & Ponce de León, 1984, 1985, 1987). Females have no 
strong bonds with the areas defended by males. Fur seal colonies on islands are occupied by 
individuals from different age classes during the entire year. During the reproductive 
season there is a high density of animals in rocky areas as compared to sandy surfaces. As a 
consequence of the high environmental temperature, territorial males may abandon the 
reproductive areas in order to refresh themselves in the water (Vaz-Ferreira & Palerm, 1962; 
Vaz-Ferreira & Sierra de Soriano, 1962). After giving birth, South American fur seal females 
may remain with their pups for 6 to 11 days (Franco-Trecu, 2010) before starting short 
foraging trips that gradually become longer as the pups grow bigger and more independent 
(Ponce de León & Pin, 2006; Franco-Trecu, 2010).  

The Uruguayan South American fur seal population is the biggest in South America (Vaz-
Ferreira, 1982), with an annual growth rate of 3.3% (Páez, 2006) and an actual size estimated 
at 400,000 individuals. However, this species is included by the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES) in the list of globally 
protected species because of population decline of other South American colonies (de 
Oliveira et al., 2006). For the International Union for Conservation of Nature (IUCN) the 
same species is listed as “Of low concern”.  

South American sea lions have a polygynous breeding system (Ponce de Leon & Pin, 2006; 
Trimble, 2008; Vaz-Ferreira, 1981; Vaz-Ferreira & Sierra de Soriano, 1962). The reproductive 
season extends from mid December to mid February.  During this time males fight each 
other to establish territories and to defend females from other males (Campagna & Le Boeuf, 
1988; Ponce de Leon & Pin, 2006). Pregnancy has an estimated duration of 363 days (Franco-
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medicines and aphrodisiacs (Acosta y Lara, 1884; DINARA, 2006; Pérez Fontana, 1943; 
Ponce de León, 2000; Vaz-Ferreira 1982; Vaz-Ferreira & Ponce de León, 1984, 1987). 

Harvesting and slaughtering of Uruguayan seals stopped in 1978 for South American sea 
lions and in 1991 for South American fur seals. From 1992 to the present day, the conservation 
and preservation of pinnipeds and cetacean species are under control of the National Direction 
of Aquatic Resources (DINARA: Dirección Nacional de Recursos Acuáticos).  

1.3. Local geographical distribution   

Uruguayan South American fur seal and sea lion colonies are located on three main islands 
in the Atlantic Ocean: 1) Isla de Lobos and Lobos Islet, 9,260 m off Punta del Este 
(Department of Maldonado); 2) Torres Group Islands (Rasa Island, Encantada Island and Islet) 
close to Polonio’s Cape (Department of Rocha) and 3) Marco Island close to Valizas 
(Department of Rocha). There are two more small islets close to La Coronilla (Department of 
Rocha), where small groups of sea lions aggregate in reproductive areas (Fig. 4). Sometimes, a 
few South American fur seals also appear on these islands (Ponce de León, 2000; Ponce de 
León & Pin, 2006; Smith, 1934; Vaz Ferreira, 1950, 1952, 1956; Vaz Ferreira & Ponce de León, 
1984, 1987).  
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Parturition and mating occur between November and January for South American fur seals 
and during January and February for South American sea lions (Franco-Trecu, 2005; Ponce 
de León, 2000, 2001; Ponce de León & Pin, 2006; Trimble, 2008). Gestation lasts around one 
year. In South American fur seals, lactation extends for several months and weaning begins 
between the 8th and the 12th month of age (Ponce de León, 1983, 1984, 2000; Ponce de León & 
Pin, 2006). From the 6th month of age, pups start eating fish and small mollusks as can be 
seen when analyzing stomach contents and gastrointestinal parasites of indirect cycle (Katz 
et al., 2012; Morgades et al., 2006). In some cases, South American fur seal lactation can be 
extended further, and the mother has to feed two pups from two consecutive breeding 
seasons: the yearling pup and the new one (Vaz-Ferreira & Ponce de León, 1987). In sea 
lions, there is a mother-pup relation for one year and in some cases for two (Vaz-Ferreira & 
Achaval, 1979) or possibly, up to three years (Soto, 1999). Little is known about the exact 
time of weaning, and whether pups are mixing milk with solid prey. It was suggested that 
weaning occurs when the mother actively rejects the older pup because a new one is born 
(Vaz-Ferreira, 1981; Vaz-Ferreira & Achaval, 1979). 

South American fur seals have a lek reproductive system (Franco-Trecu, 2005). During the 
reproductive season, males fight each other to defend territories in very violent battles that 
can result in serious wounds and scars (Ponce de León, 2000; Ponce de León & Pin, 2006; 
Vaz-Ferreira, 1976, 1982; Vaz-Ferreira & Ponce de León, 1984, 1985, 1987). Females have no 
strong bonds with the areas defended by males. Fur seal colonies on islands are occupied by 
individuals from different age classes during the entire year. During the reproductive 
season there is a high density of animals in rocky areas as compared to sandy surfaces. As a 
consequence of the high environmental temperature, territorial males may abandon the 
reproductive areas in order to refresh themselves in the water (Vaz-Ferreira & Palerm, 1962; 
Vaz-Ferreira & Sierra de Soriano, 1962). After giving birth, South American fur seal females 
may remain with their pups for 6 to 11 days (Franco-Trecu, 2010) before starting short 
foraging trips that gradually become longer as the pups grow bigger and more independent 
(Ponce de León & Pin, 2006; Franco-Trecu, 2010).  

The Uruguayan South American fur seal population is the biggest in South America (Vaz-
Ferreira, 1982), with an annual growth rate of 3.3% (Páez, 2006) and an actual size estimated 
at 400,000 individuals. However, this species is included by the Convention on International 
Trade in Endangered Species of Wild Fauna and Flora (CITES) in the list of globally 
protected species because of population decline of other South American colonies (de 
Oliveira et al., 2006). For the International Union for Conservation of Nature (IUCN) the 
same species is listed as “Of low concern”.  

South American sea lions have a polygynous breeding system (Ponce de Leon & Pin, 2006; 
Trimble, 2008; Vaz-Ferreira, 1981; Vaz-Ferreira & Sierra de Soriano, 1962). The reproductive 
season extends from mid December to mid February.  During this time males fight each 
other to establish territories and to defend females from other males (Campagna & Le Boeuf, 
1988; Ponce de Leon & Pin, 2006). Pregnancy has an estimated duration of 363 days (Franco-
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Trecu & Trimble, unpublished data). Territorial males display violent fights that may last at 
least one hour, and end with serious wounds. After parturition, sea lion females remain 
with their pups in order to suckle them for approximately one week and then start short 
foraging trips of three days, alternated with two-day suckling periods on land (Campagna & 
Le Boeuf, 1988). There is a decrease in the number of adult males and females at the end of 
the reproductive season because, after fasting during the breeding season, males begin their 
foraging period at sea. In addition, adult females alternate foraging trips at sea and suckling 
periods ashore, and move to other areas of the island (Franco-Trecu & Trimble, unpublished 
data; Ponce de León & Pin, 2006). Despite the fact that sea lions abandon the islands in order 
to move to feeding areas, there are generally some animals in the rookeries, even outside the 
reproductive season. In many other South American colonies this species maintains an 
increasing population growth (Grandi et al., 2008; Sepúlveda et al., 2006) and has been 
classified as low risk by the IUCN. However, sea lions in Uruguay are considered a highly 
endangered species due to their population decrease of 1.7 to 2% annually, with a total 
population estimated at only 12.000 individuals (Páez, 2006; Pedraza et al., 2009). 

On Lobos Island and Lobos Islet, South American sea lion groups are found in small 
patches, surrounded by large groups of South American fur seals. However, on the Torres 
Islands (Rasa Island, Encantada Island and Islet), Marco Island and other islets, groups of 
sea lions are more numerous than on the bigger Lobos Island. According to Pedraza et al., 
(2009) and Ponce de León (unpublished data), sea lion populations are stable or increasing 
(2.4% annually) in Polonio´s Cape islands, while in Lobos Island their growth have a 
negative tendency. This is related to a positive trend in the A. australis population and may 
be an indicator of competition for territory (breeding areas), a process that occurs only on 
Lobos Island and Lobos Islet. 

The breeding and reproductive areas of the elephant seal Mirounga leonina are located in sub 
Antarctic regions along the coast of South America (Campagna & Lewis, 1992; Lewis et al., 
1998) and smaller colonies are formed in the Antarctic (Le Boeuf & Laws, 1994). The only 
large breeding colony of southern elephant seals on the South American continent is found 
in Península Valdés (42°04'S, 63°45'W) (Campagna & Lewis, 1992; Le Boeuf & Laws 1994; 
Lewis et al., 2004). Young, juvenile and adult animals migrate to northern regions (Lewis et 
al., 2006) and occur at different points all along the Uruguayan shoreline of the La Plata 
River and Atlantic Ocean beaches. During practically the whole year, elephant seals of both 
sexes are frequently seen in the flat areas of access to Lobos Island, Lobos Islet, Rasa Island 
and Coronilla Islet (Fig. 3 and 4). Mother and pup couples have been seen on Lobos Island 
in October, and in some odd cases, individuals have swum up the waters of the Uruguay 
River to the Departments of Rio Negro and Paysandú (Ponce de León & Pin, 2000).  

1.5. Feeding, diet and diving behaviour 

South American fur seals have mainly pelagic feeding habits (Naya et al., 2002; Ponce de 
León & Pin, 2000, 2006; Vaz-Ferreira, 1976) but also feed in shallower waters (Franco-Trecu, 
2010). Their diet is basically composed of anchovies (Engraulis anchoita, Anchoa marinii), 
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squid (Illex argentinus, Loligo sanpaulensis), hake (Merluccius hubbsi), striped weakfish 
(Cynoscion guatucupa), oceanic shrimp (Pleoticus muelleri) and cutlassfish (Trichiurus lepturus) 
(Frau & Franco-Trecu, 2010; Naya et al., 2002; Pin et al., 1996; Ponce de León et al., 1988; 
Ponce de León et al., 2000; Ponce de León & Pin, 2006; Vaz Ferreira 1976; Vaz-Ferreira & 
Ponce de León, 1984, 1987). Uruguayan fur seals usually do not interfere directly with 
artisanal and industrial fisheries, as they do not eat from nets nor destroy fishing gears 
(Ponce de León & Pin, 2006), though there are a few records of fur seal by-catch in artisanal 
(Franco-Trecu et al., 2009) and industrial fisheries (Szephegyi et al., 2010).  

Diving records obtained by different researchers showed that during  lactation, female fur 
seals perform dives of up to 186 m (media: 23.5 m ± 19.5 m) in depth with an average 
duration of 1.2 min ± 0.8 min (max. 5.3 min.) (Riet et al., 2010; York et al., 1998). These data 
suggest that females use both benthic and pelagic foraging strategies, and demonstrate their 
huge endurance for deep dives, apnea resistance and swimming ability. Diurnal dives were 
shallower and shorter than nocturnal ones (Riet et al., 2010). It was determined that lactating 
females consume different prey species, adapting their diving strategies to variations in food 
resources (Ponce de León & Páez, 1996; Ponce de León & Pin, 2006; Riet et al., 2010; York et 
al., 1998). 

During early lactation, female sea lions perform dives of 21 m ± 8 m in depth with an 
average time of 1.9 min ± 0.7 min. Mean distance traveled per trip was 62.2 km ± 63.0 km. 
Foraging trips lasted 1.3 ± 0.8 days and did not exceed the continental shelf (>50 m of depth). 
Maximum distance from the colony was 98.60 km ± 31.3 km. These results indicate that 
during the breeding season females forage in coastal and shallow continental shelf areas 
(Riet et al., 2009, 2012). In autumn, foraging trips last 5 days (range: 1-14 days). Most animals 
seemed to complete round trips along the same tracks, meaning that each animal uses the 
same path on successive trips, with low overlap between individuals. Site fidelity to Lobos 
Island was highly remarkable for all animals, independently of their reproductive condition 
(Rodríguez et al., 2012).  

Sea lions compete directly with small-scale coastal fishing and artisanal fisheries, feeding on 
species that are part of the fishermen's daily catch by stealing prey trapped in nets and 
longlines, and sometimes causing important damage or cracks in the gear (Franco-Trecu et. 
al., 2012; Lezama & Szteren, 2003; Ponce de León & Pin, 2006; Szteren & Páez, 2002). 
According to different authors, the sea lions' diet is mainly made up of coastal prey and 
some pelagic fishes: whitemouth croaker (Micropogonias furnieri), striped weakfish 
(Cynoscion guatucupa), Brazilian codling (Urophysis brasiliensis), cutlassfish (Trichiurus 
lepturus), mackerel (Trachurus lathami), Argentinean conger (Conger orbignyanus), carangid 
(Parona signata), two species of anchovies (Engraulis anchoita and Anchoa marinii), and 
Argentinean croaker (Umbrina canosai) (Franco-Trecu, 2010; Naya et al., 2000; Pinedo & 
Barros, 1983; Ponce de León & Pin, 2006; Riet et al., 2011, 2012; Vaz Ferreira, 1981). As a 
consequence of interactions with sea lions, fishermen lost prey with high local commercial 
market value. Sometimes, fishermen find small shark specimens in their nets (Mustelus 
schmitti, Galeorhinus galeus, Myliobatis spp.) which have bite marks in their abdominal area 
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Trecu & Trimble, unpublished data). Territorial males display violent fights that may last at 
least one hour, and end with serious wounds. After parturition, sea lion females remain 
with their pups in order to suckle them for approximately one week and then start short 
foraging trips of three days, alternated with two-day suckling periods on land (Campagna & 
Le Boeuf, 1988). There is a decrease in the number of adult males and females at the end of 
the reproductive season because, after fasting during the breeding season, males begin their 
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to move to feeding areas, there are generally some animals in the rookeries, even outside the 
reproductive season. In many other South American colonies this species maintains an 
increasing population growth (Grandi et al., 2008; Sepúlveda et al., 2006) and has been 
classified as low risk by the IUCN. However, sea lions in Uruguay are considered a highly 
endangered species due to their population decrease of 1.7 to 2% annually, with a total 
population estimated at only 12.000 individuals (Páez, 2006; Pedraza et al., 2009). 

On Lobos Island and Lobos Islet, South American sea lion groups are found in small 
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(2.4% annually) in Polonio´s Cape islands, while in Lobos Island their growth have a 
negative tendency. This is related to a positive trend in the A. australis population and may 
be an indicator of competition for territory (breeding areas), a process that occurs only on 
Lobos Island and Lobos Islet. 

The breeding and reproductive areas of the elephant seal Mirounga leonina are located in sub 
Antarctic regions along the coast of South America (Campagna & Lewis, 1992; Lewis et al., 
1998) and smaller colonies are formed in the Antarctic (Le Boeuf & Laws, 1994). The only 
large breeding colony of southern elephant seals on the South American continent is found 
in Península Valdés (42°04'S, 63°45'W) (Campagna & Lewis, 1992; Le Boeuf & Laws 1994; 
Lewis et al., 2004). Young, juvenile and adult animals migrate to northern regions (Lewis et 
al., 2006) and occur at different points all along the Uruguayan shoreline of the La Plata 
River and Atlantic Ocean beaches. During practically the whole year, elephant seals of both 
sexes are frequently seen in the flat areas of access to Lobos Island, Lobos Islet, Rasa Island 
and Coronilla Islet (Fig. 3 and 4). Mother and pup couples have been seen on Lobos Island 
in October, and in some odd cases, individuals have swum up the waters of the Uruguay 
River to the Departments of Rio Negro and Paysandú (Ponce de León & Pin, 2000).  

1.5. Feeding, diet and diving behaviour 

South American fur seals have mainly pelagic feeding habits (Naya et al., 2002; Ponce de 
León & Pin, 2000, 2006; Vaz-Ferreira, 1976) but also feed in shallower waters (Franco-Trecu, 
2010). Their diet is basically composed of anchovies (Engraulis anchoita, Anchoa marinii), 
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(Ponce de León & Pin, 2006), though there are a few records of fur seal by-catch in artisanal 
(Franco-Trecu et al., 2009) and industrial fisheries (Szephegyi et al., 2010).  

Diving records obtained by different researchers showed that during  lactation, female fur 
seals perform dives of up to 186 m (media: 23.5 m ± 19.5 m) in depth with an average 
duration of 1.2 min ± 0.8 min (max. 5.3 min.) (Riet et al., 2010; York et al., 1998). These data 
suggest that females use both benthic and pelagic foraging strategies, and demonstrate their 
huge endurance for deep dives, apnea resistance and swimming ability. Diurnal dives were 
shallower and shorter than nocturnal ones (Riet et al., 2010). It was determined that lactating 
females consume different prey species, adapting their diving strategies to variations in food 
resources (Ponce de León & Páez, 1996; Ponce de León & Pin, 2006; Riet et al., 2010; York et 
al., 1998). 

During early lactation, female sea lions perform dives of 21 m ± 8 m in depth with an 
average time of 1.9 min ± 0.7 min. Mean distance traveled per trip was 62.2 km ± 63.0 km. 
Foraging trips lasted 1.3 ± 0.8 days and did not exceed the continental shelf (>50 m of depth). 
Maximum distance from the colony was 98.60 km ± 31.3 km. These results indicate that 
during the breeding season females forage in coastal and shallow continental shelf areas 
(Riet et al., 2009, 2012). In autumn, foraging trips last 5 days (range: 1-14 days). Most animals 
seemed to complete round trips along the same tracks, meaning that each animal uses the 
same path on successive trips, with low overlap between individuals. Site fidelity to Lobos 
Island was highly remarkable for all animals, independently of their reproductive condition 
(Rodríguez et al., 2012).  

Sea lions compete directly with small-scale coastal fishing and artisanal fisheries, feeding on 
species that are part of the fishermen's daily catch by stealing prey trapped in nets and 
longlines, and sometimes causing important damage or cracks in the gear (Franco-Trecu et. 
al., 2012; Lezama & Szteren, 2003; Ponce de León & Pin, 2006; Szteren & Páez, 2002). 
According to different authors, the sea lions' diet is mainly made up of coastal prey and 
some pelagic fishes: whitemouth croaker (Micropogonias furnieri), striped weakfish 
(Cynoscion guatucupa), Brazilian codling (Urophysis brasiliensis), cutlassfish (Trichiurus 
lepturus), mackerel (Trachurus lathami), Argentinean conger (Conger orbignyanus), carangid 
(Parona signata), two species of anchovies (Engraulis anchoita and Anchoa marinii), and 
Argentinean croaker (Umbrina canosai) (Franco-Trecu, 2010; Naya et al., 2000; Pinedo & 
Barros, 1983; Ponce de León & Pin, 2006; Riet et al., 2011, 2012; Vaz Ferreira, 1981). As a 
consequence of interactions with sea lions, fishermen lost prey with high local commercial 
market value. Sometimes, fishermen find small shark specimens in their nets (Mustelus 
schmitti, Galeorhinus galeus, Myliobatis spp.) which have bite marks in their abdominal area 
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(Fig. 5) from sea lions that learned to exploit this energy reservoir (Ponce de León & Pin, 
2006). Recent reports show that during the early lactation period, foraging home ranges of 
sea lion females overlapped with fishing effort areas of coastal bottom trawl fisheries (15%) 
and artisanal fisheries (>1%). For both fisheries the resource overlap per fisheries impact 
index identified the “hotspots” which are distributed along the coast, west of the breeding 
colony (56ºW - 55Wº) (Riet et al., 2011).  

 
Figure 5. Artisan fishery capture of Mylobatis spp. The opened abdominal areas of the sharks are seen, 
from where sea lions have taken highly nutritive and energy rich livers and pancreas. Photograph: A. 
Ponce de León. 

1.6. Future exploitation for tourism 

South American fur seals and South American sea lions could represent an important 
tourism attraction. Since the seals are only a few meters away from visitors on Lobos Island 
and Polonio’s Cape, seal watching in both of these popular natural areas could be exploited 
for tourism activities (Ponce de León & Pin, 2000, 2006; Ponce de León & Barreiro 2010). This 
type of exploitation should be regulated by serious and responsible Government rules in 
order to assure sustainable coastal management of environmental resources. New 
employment opportunities for local people in the Departments of Maldonado and Rocha 
would be created. This kind of offer would also contribute to public awareness-raising 
programs for conservation of these charismatic species and for conservation of aquatic 
ecosystems. 

1.7. Management considerations 

Nowadays, fur seals are an important nontraditional exportation item: between 60 and 80 
living young fur seals are captured annually on Lobos Island and exported to aquaria and 
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theme parks all over the world. The principal objective of these parks is to educate people 
about environmental issues and about the conservation of aquatic and marine resources and 
ecosystems. Although live sea lions had been sold by the Uruguayan Government since 
1980, the exportation of living specimens of this Otariid was suspended in 2006 by 
DINARA-MGAP due to decreasing population numbers. Captures of animals are held in 
Lobos Island from mid March to mid November. This special period was defined in order to 
avoid disturbances and to be respectful of parturition, breeding and mating periods of the 
two Otariid species present in the island (Ponce de León, 2000; Ponce de León & Pin, 2006). 

As far as research is concerned, DINARA maintains the old seal factory plant on Lobos 
Island, using parts of the buildings for providing accommodation to researchers who are 
developing studies in both species. Through the development of various research projects, 
the Government institution DINARA, students and graduates of the University of Uruguay 
(Universidad de la República) as well as from foreign countries, are gathering and collecting 
data to increase knowledge about the population dynamics of both species, which will also 
help in developing appropriate rules and guidelines for their management, and ensuring the 
conservation of Uruguayan natural resources.  

2. Evidence of influenza virus infections in Arctocephalus australis 
individuals 

Marine mammals are susceptible to a variety of pathogens including influenza viruses. In 
humans, influenza causes annual epidemics and occasional pandemic diseases, with a 
significant threat to human health. In wild animals, several outbreaks have been reported 
and especially marine mammals experienced several devastating episodes that highlight the 
importance of monitoring wild populations to perform conservation programs and to 
evaluate possible risks to human health.  

Influenza viruses belong to the Orthomyxoviridae family and are enveloped viruses with a 
segmented, negative-sense RNA genome (Webster et al., 1992). Embedded in the lipid 
envelope, the hemagglutinin (HA) and neuraminidase (NA) proteins are responsible for 
virus attachment and release from host cells, respectively (Webster et al., 1992). This family of 
viruses is composed of four genera: influenza A, B and C viruses and Thogoviruses (Wright & 
Webster, 2001). While influenza B and C viruses are primarily “human” viruses, influenza A 
viruses infect a variety of avian and mammalian species including humans, horses, swine and 
marine mammals such as seals and cetaceans (Wright & Webster, 2001; Webster et al., 1992). 
Influenza B virus was isolated from a harbor seal (Phoca vitulina) for the first time in the year 
2000 (Osterhaus et al., 2000) becoming a possible second reservoir of this virus. 

Influenza viruses are unique among respiratory tract viruses as they undergo considerable 
antigenic variation. Both surface antigens of the influenza A viruses are subject to two types 
of variation: drift and shift. Antigenic drift involves minor changes in the hemagglutinin 
(HA) and neuraminidase (NA) and plays a role in influenza epidemics, which occur 
sporadically. Antigenic shifts involve major changes in these molecules resulting from 
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(Fig. 5) from sea lions that learned to exploit this energy reservoir (Ponce de León & Pin, 
2006). Recent reports show that during the early lactation period, foraging home ranges of 
sea lion females overlapped with fishing effort areas of coastal bottom trawl fisheries (15%) 
and artisanal fisheries (>1%). For both fisheries the resource overlap per fisheries impact 
index identified the “hotspots” which are distributed along the coast, west of the breeding 
colony (56ºW - 55Wº) (Riet et al., 2011).  

 
Figure 5. Artisan fishery capture of Mylobatis spp. The opened abdominal areas of the sharks are seen, 
from where sea lions have taken highly nutritive and energy rich livers and pancreas. Photograph: A. 
Ponce de León. 

1.6. Future exploitation for tourism 

South American fur seals and South American sea lions could represent an important 
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1.7. Management considerations 

Nowadays, fur seals are an important nontraditional exportation item: between 60 and 80 
living young fur seals are captured annually on Lobos Island and exported to aquaria and 
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1980, the exportation of living specimens of this Otariid was suspended in 2006 by 
DINARA-MGAP due to decreasing population numbers. Captures of animals are held in 
Lobos Island from mid March to mid November. This special period was defined in order to 
avoid disturbances and to be respectful of parturition, breeding and mating periods of the 
two Otariid species present in the island (Ponce de León, 2000; Ponce de León & Pin, 2006). 

As far as research is concerned, DINARA maintains the old seal factory plant on Lobos 
Island, using parts of the buildings for providing accommodation to researchers who are 
developing studies in both species. Through the development of various research projects, 
the Government institution DINARA, students and graduates of the University of Uruguay 
(Universidad de la República) as well as from foreign countries, are gathering and collecting 
data to increase knowledge about the population dynamics of both species, which will also 
help in developing appropriate rules and guidelines for their management, and ensuring the 
conservation of Uruguayan natural resources.  

2. Evidence of influenza virus infections in Arctocephalus australis 
individuals 

Marine mammals are susceptible to a variety of pathogens including influenza viruses. In 
humans, influenza causes annual epidemics and occasional pandemic diseases, with a 
significant threat to human health. In wild animals, several outbreaks have been reported 
and especially marine mammals experienced several devastating episodes that highlight the 
importance of monitoring wild populations to perform conservation programs and to 
evaluate possible risks to human health.  

Influenza viruses belong to the Orthomyxoviridae family and are enveloped viruses with a 
segmented, negative-sense RNA genome (Webster et al., 1992). Embedded in the lipid 
envelope, the hemagglutinin (HA) and neuraminidase (NA) proteins are responsible for 
virus attachment and release from host cells, respectively (Webster et al., 1992). This family of 
viruses is composed of four genera: influenza A, B and C viruses and Thogoviruses (Wright & 
Webster, 2001). While influenza B and C viruses are primarily “human” viruses, influenza A 
viruses infect a variety of avian and mammalian species including humans, horses, swine and 
marine mammals such as seals and cetaceans (Wright & Webster, 2001; Webster et al., 1992). 
Influenza B virus was isolated from a harbor seal (Phoca vitulina) for the first time in the year 
2000 (Osterhaus et al., 2000) becoming a possible second reservoir of this virus. 

Influenza viruses are unique among respiratory tract viruses as they undergo considerable 
antigenic variation. Both surface antigens of the influenza A viruses are subject to two types 
of variation: drift and shift. Antigenic drift involves minor changes in the hemagglutinin 
(HA) and neuraminidase (NA) and plays a role in influenza epidemics, which occur 
sporadically. Antigenic shifts involve major changes in these molecules resulting from 
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replacement of the gene segment, producing new pandemic strains (Wright & Webster, 
2001). 

Phylogenetic evidence suggests that influenza epidemics in humans and other mammals, 
including seals, come from mutation and antigenic drift of viruses originating from aquatic 
birds (Webster et al., 1992). Several influenza events which have affected marine mammals 
have been described since the late seventies. The New England coast was the scene of an 
episode of influenza virus between December 1979 and November 1980. More than 400 
harbor seals (Phoca vitulina) died of acute pneumonia associated with the influenza virus 
A/Seal/Massachusetts/1/80 (H7N7). This was the first evidence of an influenza virus 
antigenically and genetically related to avian viruses that could be associated with severe 
disease in wild animals (Geraci et al., 1982; Lang et al., 1981; Webster et al., 1981). This H7N7 
strain was associated with an approximate 20% mortality of the seal population and also 
showed potential for causing conjunctivitis in humans. However, it was not transmitted 
among humans.  

A new event was described along the New England coast from June 1982 through March 
1983. This time the influenza virus isolation was an H4N5 subtype, which had previously 
been detected only in birds. It was recovered from harbor seals dying of viral pneumonia 
(Hinshaw et al., 1984). This strain, which caused an estimated mortality of 2 % to 4 %, was 
found to be genetically and serologically related to avian strains. 

In January 1991 and January to February 1992, influenza A viruses were isolated from seals 
that died of pneumonia along the Cape Cod Peninsula in Massachusetts. Antigenic 
characterization identified two H4N6 and three H3N3 viruses. This was the first isolation of 
an H3 influenza virus from seals, although this subtype is frequently detected in birds, pigs, 
horses and humans (Callan et al., 1995). Genetic analysis indicated that the viruses were 
both of avian origin and that transmission from birds to seals was the most likely possibility.  

Also, indirect evidence of influenza infection was reported from a variety of marine 
mammal species. In pinnipeds, antibodies against influenza A virus were detected in sera 
from harp seals (Phoca groenlandica) and hooded seals (Cystophora cristata) collected between 
1991 and 1992 in the Barents Sea (Steuen et al., 1994), as well as from sea lions (Otariidae) 
and seals in the North and Bering seas (De Boer et al., 1990), and a ringed seal (Pusa hispida) 
in Alaska (Danner et al., 1998). A serological survey of influenza A antibodies from five 
species of marine mammals collected from Arctic Canada between 1984 and 1998, revealed 
that 2.5% of ringed seals (Phoca hispida) were serologically positive (Nielsen et al., 2001). A 
serological study of influenza virus infection in Caspian seals (Phoca caspica) detected 
antibodies to human-related (H3N2) virus in 36% of the seals (Ohishi et al., 2002). Two years 
later, another study suggested that human-related H3 viruses were prevalent in Baikal seals 
(Phoca sibirica) and ringed seals (Pusa hispida) inhabiting the central Russian Arctic (Ohishi et 
al., 2004). Serological evidence of influenza A virus infection was reported in Kuril harbor 
seals (Phoca vitulina stejnegeri) of Hokkaido, Japan, from samples collected between 1998 and 
2005 (Fujii et al., 2007). In this study, antibodies to H3 and H6 subtypes of influenza A virus 
were detected. This was the first time that H6 antibodies were identified in seals (Fujii et al., 
2007).  
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Indirect evidence of influenza A viruses has been reported in 27% of the South American fur 
seals sampled in Uruguay (Blanc et al., 2009). By Hemagglutination Inhibition Assay (HAI) 
it was found that all the positive samples reacted with A/New Caledonia/20/99(H1N1) 
antigen reaching HAI titer of 320 but none of the sampled serum reacted with 
A/Panamá/2007/99(H3N2) antigen. For the first time, the presence of influenza A in A. 
australis was confirmed (Blanc et al., 2009) (Fig. 6). 

Influenza viruses have also been detected in whales. An H1N3 virus was isolated from a 
striped whale in the South Pacific (Lvov et al., 1978). In 1984 influenza A viruses of the 
H13N2 and H13N9 subtypes were isolated from a pilot whale (Globicephala melas) (Hinshaw 
et al., 1986). Serological, molecular, and biological analyses indicate that the whale isolates 
are closely related to the H13 influenza viruses from gulls (Hinshaw et al., 1986). In 
cetaceans, specific antibodies were observed in a low portion of sera from belugas 
(Delphinapterus leucas) in Arctic Canada (Nielsen et al., 2001).  

Few studies have been reported regarding the detection of influenza B viruses in marine 
mammals. The first one reported the isolation of influenza B virus (B/seal/Netherlands/1/99) 
from a naturally infected harbor seal in the year 2000. Sequence analyses as well as serology 
indicated that this influenza B virus is closely related to strains that circulated in humans 4 
to 5 years earlier. Retrospective analyses of sera collected from 971 seals showed a 
prevalence of antibodies of the influenza B virus in 2% of the animals after 1995, and in none 
before that year, suggesting that the virus was introduced in the seal population from a 
human source around 1995 (Osterhaus et al., 2000). Antibodies to influenza B viruses were 
detected by ELISA in 14% and 10% of serum samples collected from Caspian seals in 1997 
and 2000, respectively (Ohishi et al., 2002). 

Serologic evidence of influenza B virus has been reported from South American Uruguayan 
fur seals A. australis (Blanc et al., 2009). Thirty of the 37 serum samples assayed by HAI 
reacted against one of the three antigens used: 25/37 (68%) reacted against B/Beijing/184/93-
like viruses, 20/37 (54%) reacted against B/Hong Kong/330/01, and 24/37 (65%) reacted 
against B/Sichuan/379/99. The results show that 17 sera reacted against all B antigens, only 
six reacted against two antigens and eight sera did not react against any of them. The 
highest titer reached was (640) against B/sichuan antigen. The results demonstrated 
influenza B virus circulation in South American fur seals for the first time in our country 
and in this species. The antigens assayed correspond to strains that circulated in humans 
between the years 1999 and 2001, 3 to 5 years after the study was carried out, confirming the 
hypothesis of other authors that marine mammals could be a reservoir of influenza strains 
that circulated in the past (Fig. 6). 

It is important to consider that marine mammals share their habitat with several different 
wild shorebirds as well as with aquatic birds, the main influenza A virus hosts. The 
presence of bird feces in water, which can shed high concentrations of Avian Influenza 
viruses, and the close contact during feeding activities between birds and seals, increase the 
probability of fecal-oral transmission.  
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disease in wild animals (Geraci et al., 1982; Lang et al., 1981; Webster et al., 1981). This H7N7 
strain was associated with an approximate 20% mortality of the seal population and also 
showed potential for causing conjunctivitis in humans. However, it was not transmitted 
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A new event was described along the New England coast from June 1982 through March 
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been detected only in birds. It was recovered from harbor seals dying of viral pneumonia 
(Hinshaw et al., 1984). This strain, which caused an estimated mortality of 2 % to 4 %, was 
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characterization identified two H4N6 and three H3N3 viruses. This was the first isolation of 
an H3 influenza virus from seals, although this subtype is frequently detected in birds, pigs, 
horses and humans (Callan et al., 1995). Genetic analysis indicated that the viruses were 
both of avian origin and that transmission from birds to seals was the most likely possibility.  

Also, indirect evidence of influenza infection was reported from a variety of marine 
mammal species. In pinnipeds, antibodies against influenza A virus were detected in sera 
from harp seals (Phoca groenlandica) and hooded seals (Cystophora cristata) collected between 
1991 and 1992 in the Barents Sea (Steuen et al., 1994), as well as from sea lions (Otariidae) 
and seals in the North and Bering seas (De Boer et al., 1990), and a ringed seal (Pusa hispida) 
in Alaska (Danner et al., 1998). A serological survey of influenza A antibodies from five 
species of marine mammals collected from Arctic Canada between 1984 and 1998, revealed 
that 2.5% of ringed seals (Phoca hispida) were serologically positive (Nielsen et al., 2001). A 
serological study of influenza virus infection in Caspian seals (Phoca caspica) detected 
antibodies to human-related (H3N2) virus in 36% of the seals (Ohishi et al., 2002). Two years 
later, another study suggested that human-related H3 viruses were prevalent in Baikal seals 
(Phoca sibirica) and ringed seals (Pusa hispida) inhabiting the central Russian Arctic (Ohishi et 
al., 2004). Serological evidence of influenza A virus infection was reported in Kuril harbor 
seals (Phoca vitulina stejnegeri) of Hokkaido, Japan, from samples collected between 1998 and 
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it was found that all the positive samples reacted with A/New Caledonia/20/99(H1N1) 
antigen reaching HAI titer of 320 but none of the sampled serum reacted with 
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striped whale in the South Pacific (Lvov et al., 1978). In 1984 influenza A viruses of the 
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are closely related to the H13 influenza viruses from gulls (Hinshaw et al., 1986). In 
cetaceans, specific antibodies were observed in a low portion of sera from belugas 
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Few studies have been reported regarding the detection of influenza B viruses in marine 
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from a naturally infected harbor seal in the year 2000. Sequence analyses as well as serology 
indicated that this influenza B virus is closely related to strains that circulated in humans 4 
to 5 years earlier. Retrospective analyses of sera collected from 971 seals showed a 
prevalence of antibodies of the influenza B virus in 2% of the animals after 1995, and in none 
before that year, suggesting that the virus was introduced in the seal population from a 
human source around 1995 (Osterhaus et al., 2000). Antibodies to influenza B viruses were 
detected by ELISA in 14% and 10% of serum samples collected from Caspian seals in 1997 
and 2000, respectively (Ohishi et al., 2002). 

Serologic evidence of influenza B virus has been reported from South American Uruguayan 
fur seals A. australis (Blanc et al., 2009). Thirty of the 37 serum samples assayed by HAI 
reacted against one of the three antigens used: 25/37 (68%) reacted against B/Beijing/184/93-
like viruses, 20/37 (54%) reacted against B/Hong Kong/330/01, and 24/37 (65%) reacted 
against B/Sichuan/379/99. The results show that 17 sera reacted against all B antigens, only 
six reacted against two antigens and eight sera did not react against any of them. The 
highest titer reached was (640) against B/sichuan antigen. The results demonstrated 
influenza B virus circulation in South American fur seals for the first time in our country 
and in this species. The antigens assayed correspond to strains that circulated in humans 
between the years 1999 and 2001, 3 to 5 years after the study was carried out, confirming the 
hypothesis of other authors that marine mammals could be a reservoir of influenza strains 
that circulated in the past (Fig. 6). 

It is important to consider that marine mammals share their habitat with several different 
wild shorebirds as well as with aquatic birds, the main influenza A virus hosts. The 
presence of bird feces in water, which can shed high concentrations of Avian Influenza 
viruses, and the close contact during feeding activities between birds and seals, increase the 
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Figure 6. Antibodies to Influenza A and B virus by HAI in fur seal sera. Percent (number 
positive/number tested) of samples bearing antibodies vs. HAI titer for each Influenza antigen assayed. 
Titers ≥ 80 were considered positive. Antigens used: A/New Caledonia/20/99(H1N1), 
A/Panamá/2007/99(H3N2), B/Beijing/184/93-like viruses, B/Yamanashi/166/98, B/Hong Kong/330/01, 
and B/Sichuan/379/99. 

Monitoring the distribution of the influenza virus in wild animal species including marine 
mammals is important for understanding the ecology and evolution of the virus, and also to 
understand how the virus can mutate and re-emerge more virulent, producing devastating 
epidemic diseases.  

3. Mycobacterium pinnipedii infections in Arctocephalus australis, Otaria 
flavescens and Mirounga leonina individuals 

Bacteria belonging to the Genera Mycobacterium are acid-fast bacilli (AFB) classified in 
different complexes and species according to biochemical, cultural and genetic features. The 
first communication of tuberculosis (TB) in captive seals dates from the early twentieth 
century (Blair, 1913). However, the diagnosis and study of tuberculosis and mycobacteriosis 
in different species of marine mammals is fairly recent. Ehlers (1965) reported a tuberculosis 
case in a Northern seal (Cystophora cristata). Subsequently, Kinne (1985) described 
tuberculosis cases in several marine mammal species. In 1986, the first isolates of 
Mycobacterium spp. were obtained in Australian fur seals and sea lions (Arctocephalus pusillus 
doriferus and Neophoca cinerea respectively) and New Zealand fur seals (Arctocephalus forsteri) 
in captive and wild conditions (Forshaw & Phelps, 1991; Woods et al., 1995). Successive 
isolations were made from wild pinniped species in the Southern Hemisphere (Bastida et al., 
1999; Bernardelli et al., 1996; Cousins et al., 1993; Hunter et al., 1998; Romano et al., 1995; 
Woods et al., 1995; Zumárraga et al., 1999). 
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In Uruguay, the first isolation of Mycobacterium spp. in pinnipeds was conducted in 1987 
from samples of South American sea lion O. flavescens specimens kept in “Villa Dolores”  
municipal zoo. Of the ten animals studied, one died and nine others were tuberculin-
positive and were later euthanized. Seven animals showed typical histo-pathological lesions 
of tuberculosis, and a total of 6 strains were isolated. Initially, it was considered that the 
bacillus was M. bovis according to results from a smear, biochemical tests and culture 
features. The strains were inoculated to guinea pigs (0,1 mg) that developed characteristic 
lesions and subsequently Mycobacterium spp. were isolated, fulfilling Koch's postulates 
(Castro-Ramos et al., 1998). In 1997 Mycobacterium spp. was isolated from lung samples of an 
adult South American fur seal stranded on the coast of Montevideo. The animal was 
collected from the beach by a NGO and sent to quarantine in a zoo for recovery, but died 
four days after admission. The observed granulomatous lung lesions were typical of TB, and 
a Mycobacterium spp. strain was isolated (Castro-Ramos et al., 2001). 

Between 2001 and 2006, pathological, microbiological and genetic studies were conducted 
on dead stranded animals of different species of pinnipeds found along ocean shores of 
Uruguay: South American fur seal (n = 129), South American sea lion (n = 24) and Southern 
elephant seal (n = 1). Necropsies were performed using standard methods (Dierauf, 1990). 
Samples from several organs with or without lesions (lung, mediastinal lymph nodes, 
spleen, liver) (n = 36) were stored at 4° C, frozen at -20° C or fixed in 10% formalin. 

Formalin fixed samples were processed by standard histological methods: 4-5 cuts were 
made at 5-6 µm and stained with Hematoxylin-Eosin and Ziehl-Neelsen (ZN) (Luna, 1968). 
Mycobacteriological studies were performed according to the methodology described by the 
Pan American Zoonoses Center (Centro Panamericano de Zoonosis (OPS/OMS) (1979), 
Office International des Epizooties (OIE) (2000), Runyon et al., (1980) and Tacquet et al., 
(1967). Smears from single or pooled samples of each animal were performed and then 
cultured in Stonebrink and Lowenstein Jensen media. Cultures were kept for eight weeks at 
37° C and periodically reviewed. Culture tests were based on microscopic features, 
morphology of the colony, growth temperature, time of development and cromogenicity of 
isolates. The identification was completed with the following biochemical tests: niacin, 
nitrate reduction, catalase at 22° C and 68° C, hydrolysis of Tween 80 at 5 and 10 days, 
reduction of potassium tellurite 0.2% at 3 days, urease and pyrazinamidase. A total of 14 
strains were isolated (Table 1). 

Strains isolated in 1987 (N° 01073, adult male O. flavescens), 1997 (N ° 01337, juvenile male A. 
australis) and 2002 (N ° 2493, juvenile female O. flavescens) were analyzed through 
amplification of 200 bp of the Internal Transcribed Spacer (ITS) region  through Polymerase 
Chain Reaction (PCR) as  in Roth et al., (2000). Sequences obtained were compared to those 
available at GenBank database through a maximum parsimony phylogenetic tree, and 
strains were grouped with sequences of M. tuberculosis / M. pinnipedii.   

During the necropsies, granulomatous lesions were observed in only five animals: two 
South American sea lions (juvenile male and female) and three South American fur seals 
(two adult and one juvenile male) (Fig. 7), from which M. tuberculosis / M. pinnipedii complex 
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Figure 6. Antibodies to Influenza A and B virus by HAI in fur seal sera. Percent (number 
positive/number tested) of samples bearing antibodies vs. HAI titer for each Influenza antigen assayed. 
Titers ≥ 80 were considered positive. Antigens used: A/New Caledonia/20/99(H1N1), 
A/Panamá/2007/99(H3N2), B/Beijing/184/93-like viruses, B/Yamanashi/166/98, B/Hong Kong/330/01, 
and B/Sichuan/379/99. 

Monitoring the distribution of the influenza virus in wild animal species including marine 
mammals is important for understanding the ecology and evolution of the virus, and also to 
understand how the virus can mutate and re-emerge more virulent, producing devastating 
epidemic diseases.  

3. Mycobacterium pinnipedii infections in Arctocephalus australis, Otaria 
flavescens and Mirounga leonina individuals 

Bacteria belonging to the Genera Mycobacterium are acid-fast bacilli (AFB) classified in 
different complexes and species according to biochemical, cultural and genetic features. The 
first communication of tuberculosis (TB) in captive seals dates from the early twentieth 
century (Blair, 1913). However, the diagnosis and study of tuberculosis and mycobacteriosis 
in different species of marine mammals is fairly recent. Ehlers (1965) reported a tuberculosis 
case in a Northern seal (Cystophora cristata). Subsequently, Kinne (1985) described 
tuberculosis cases in several marine mammal species. In 1986, the first isolates of 
Mycobacterium spp. were obtained in Australian fur seals and sea lions (Arctocephalus pusillus 
doriferus and Neophoca cinerea respectively) and New Zealand fur seals (Arctocephalus forsteri) 
in captive and wild conditions (Forshaw & Phelps, 1991; Woods et al., 1995). Successive 
isolations were made from wild pinniped species in the Southern Hemisphere (Bastida et al., 
1999; Bernardelli et al., 1996; Cousins et al., 1993; Hunter et al., 1998; Romano et al., 1995; 
Woods et al., 1995; Zumárraga et al., 1999). 
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In Uruguay, the first isolation of Mycobacterium spp. in pinnipeds was conducted in 1987 
from samples of South American sea lion O. flavescens specimens kept in “Villa Dolores”  
municipal zoo. Of the ten animals studied, one died and nine others were tuberculin-
positive and were later euthanized. Seven animals showed typical histo-pathological lesions 
of tuberculosis, and a total of 6 strains were isolated. Initially, it was considered that the 
bacillus was M. bovis according to results from a smear, biochemical tests and culture 
features. The strains were inoculated to guinea pigs (0,1 mg) that developed characteristic 
lesions and subsequently Mycobacterium spp. were isolated, fulfilling Koch's postulates 
(Castro-Ramos et al., 1998). In 1997 Mycobacterium spp. was isolated from lung samples of an 
adult South American fur seal stranded on the coast of Montevideo. The animal was 
collected from the beach by a NGO and sent to quarantine in a zoo for recovery, but died 
four days after admission. The observed granulomatous lung lesions were typical of TB, and 
a Mycobacterium spp. strain was isolated (Castro-Ramos et al., 2001). 

Between 2001 and 2006, pathological, microbiological and genetic studies were conducted 
on dead stranded animals of different species of pinnipeds found along ocean shores of 
Uruguay: South American fur seal (n = 129), South American sea lion (n = 24) and Southern 
elephant seal (n = 1). Necropsies were performed using standard methods (Dierauf, 1990). 
Samples from several organs with or without lesions (lung, mediastinal lymph nodes, 
spleen, liver) (n = 36) were stored at 4° C, frozen at -20° C or fixed in 10% formalin. 

Formalin fixed samples were processed by standard histological methods: 4-5 cuts were 
made at 5-6 µm and stained with Hematoxylin-Eosin and Ziehl-Neelsen (ZN) (Luna, 1968). 
Mycobacteriological studies were performed according to the methodology described by the 
Pan American Zoonoses Center (Centro Panamericano de Zoonosis (OPS/OMS) (1979), 
Office International des Epizooties (OIE) (2000), Runyon et al., (1980) and Tacquet et al., 
(1967). Smears from single or pooled samples of each animal were performed and then 
cultured in Stonebrink and Lowenstein Jensen media. Cultures were kept for eight weeks at 
37° C and periodically reviewed. Culture tests were based on microscopic features, 
morphology of the colony, growth temperature, time of development and cromogenicity of 
isolates. The identification was completed with the following biochemical tests: niacin, 
nitrate reduction, catalase at 22° C and 68° C, hydrolysis of Tween 80 at 5 and 10 days, 
reduction of potassium tellurite 0.2% at 3 days, urease and pyrazinamidase. A total of 14 
strains were isolated (Table 1). 

Strains isolated in 1987 (N° 01073, adult male O. flavescens), 1997 (N ° 01337, juvenile male A. 
australis) and 2002 (N ° 2493, juvenile female O. flavescens) were analyzed through 
amplification of 200 bp of the Internal Transcribed Spacer (ITS) region  through Polymerase 
Chain Reaction (PCR) as  in Roth et al., (2000). Sequences obtained were compared to those 
available at GenBank database through a maximum parsimony phylogenetic tree, and 
strains were grouped with sequences of M. tuberculosis / M. pinnipedii.   

During the necropsies, granulomatous lesions were observed in only five animals: two 
South American sea lions (juvenile male and female) and three South American fur seals 
(two adult and one juvenile male) (Fig. 7), from which M. tuberculosis / M. pinnipedii complex 
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strains were isolated. Isolates were also obtained from organs without gross lesions 
belonging to pups and juvenile fur seals (n = 9) and from a sub-adult male elephant seal 
(Castro-Ramos et al., 2005, 2006) (Fig. 9). 
 

Code 
 

Year of 
sampling 

Species 
 

Sex Category Origin  Baciloscopy Culture 

9/2001 2001 Aa ♂ Adult w --- --- 

2493 2002 Of ♀ Juvenile w + + 

0874 2002 Aa ♂ Adult w + + 

0873 2003 Aa ♀ Pup w + + 

0875  2003 Aa ♀ Pup w + + 

1405  2003 Of ♂ Juvenile w + + 

1332/3  2004 Aa ♀ Pup  w --- + 

2172/1 2005 Aa ♀ Pup w - + 

2172/2 2005 Aa ♀ Pup w - + 

2172/3 2005 Aa ♀ Pup w - + 

2172/4 2005 Aa ♂ Pup w - + 

2172/6 2005 Aa ♂ Pup w - + 

2172/7 2005 Aa ♂ Pup w - + 

2173 2005 Of ♀ Pup w - + 

2174 2005 Ml ♂ Juvenile  w - + 

Aa= Arctocephalus australis; Of= Otaria flavescens; Ml= Mirounga leonina; c= captive, w= wild. 

Table 1. Isolation of Mycobacterium spp / M. pinnipedii in Arctocephalus australis, Otaria flavescens and 
Mirounga leonina in Uruguay. 

Macro and microscopic lesions were recorded. Hydrothorax and hemothorax were found in 
two adult animals. Papillary and proliferative lesions in parietal and visceral pleura (Fig. 7) 
were associated with a chronic inflammatory process, mononuclear and lymphocytic 
infiltration, and in some cases congestion and hemorrhage. Lungs presented yellowish-
white nodules on surface and deep pulmonary parenchyma, which corresponded to 
granulomas with AFB. Histology showed mononuclear infiltration throughout the 
parenchyma as well as congestion, emphysema and atelectasia near nodules. Granulomas 
showed the typical structure with a necrotic center surrounded by a mild fibroblastic 
reaction and mononuclear infiltration with AFB in single arrangements or small groups (Fig. 
8). In bronchi and bronchioles mononuclear exudates at the lumen and 
lymphocyte/macrophage aggregates below the cartilage were present. Necrotic foci were 
also recorded in mediastinal lymph nodes with AFB. In one juvenile sea lion a mediastinal 
abscess and hematoma were found between the great vessels near the heart, which was 
associated with a chronic inflammatory process. 
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Figure 7. Macroscopic view of an Arctocephalus australis lung. Numerous granulomas were present on 
the surface and deep parenchyma (white arrows) and a significant thickening of the visceral pleura.  

 
Figure 8. Histological section from an Arctocephalus australis lung. A granuloma in the lung parenchyma 
(star) surrounded by areas of congestion and atelectasis (arrows) can be observed. Inset: AFB groups 
within the granuloma (immersion) (black arrows). (Ziehl-Neelsen. 400x) 
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Figure 9. Mycobacterium spp. / M.  pinnipedii colonies in Stonebrink medium culture. Sample obtained 
from a Mirounga leonina lung. 

These results indicate a wide distribution of the disease in Uruguayan fur seal and sea lion 
colonies associated with a high prevalence of the disease in zoos and aquaria from South 
American native pinnipeds populations (Jurzinsky et al., 2011; Lacave, 2009; Lacave et al., 
2009; Moser et al., 2008). The region used for genetic analysis can only discriminate between 
two large complexes within the Genera Mycobacterium, Mycobacterium tuberculosis complex 
(MTC) and M. avium (MAC). Based on these results we can conclude that the sequences 
studied are part of the MTC and correspond to M. pinnipedii as determined by more precise 
genetic studies (Cousins et al., 2003, Jurczinski et al., 2012; Kriz et al., 2011; Moser et al., 
2008) which include a strain isolated in Uruguay (Cousins et al., 2003). Discrimination 
between different members of the MTC is essential for epidemiological investigations of 
wild populations, as well as the diagnosis of human cases associated with an adequate 
chemotherapy (de la Rua-Domenech, 2006).  

The isolation of bacilli in pups and juvenile animals without apparent lesions indicates early 
transmission of the organism even though the animals do not show symptoms of respiratory 
disease. Similar findings were reported for wild carnivores for which positive cultures for 
M. bovis were not accompanied by gross or histological lung lesions (Bruning-Fann et al., 
2001; Little et al., 1982). Furthermore, cattle with M. bovis developed a non-progressive 
disease, with small lesions in lymph nodes (retropharyngeal and mediastinal), which in turn 
are positive reactors to diagnostic tests for delayed cutaneous hypersensitivity (Tuberculin 
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skin test). Most individuals of the population carrying the dormant bacilli may become ill 
with TB at some point in their life, if an immunodeficient situation develops. It is therefore 
necessary to consider all infected individuals as potentially diseased animals (Rider, 1999). 

The fact that most gross and microscopic lesions are located in the respiratory system of 
pinnipeds (Bastida et al., 1999; Bernardelli et al., 1996; Castro-Ramos et al., 1998, 2001; 
Forshaw & Phelps, 1991; Katz et al., 2002; Moser et al., 2008; Woods et al., 1995) indicates 
that the main transmission is by aerosols. Less frequently, lesions were located in liver, 
spleen, kidney and abdominal lymph nodes (Bernardelli et. al., 1996; Forshaw & Phelps 
1991; Kiers et al., 2008; Kriz et al., 2011), cases in which the bacilli probably spread through 
blood flow or swallowing of sputum containing mycobacteria (Forshaw & Phelps, 1991; Kriz 
et al., 2011). In wildlife, it is expected that transmission takes place mainly through spray 
during coughing and sneezing which is frequently observed in pups and adults (H. Katz, 
pers. obs.) or the typical naso-nasal contact between pinnipeds. 

M. pinnipedii have been isolated from fur seals, sea lions and elephant seals from the 
Southern Hemisphere (Arctocephalus australis, A. forsteri, A. pussilus doriferus, A. tropicalis, 
Otaria flavescens, Neophoca cinerea, Mirounga leonina, Phocarctos hookeri). They have been 
found both in wild animals and specimens kept in European aquaria or theme parks taken 
from South American colonies (Bernardelli et al., 1996; Castro-Ramos et al., 2005; Cousins et 
al., 2003; Duignan et al., 2003; Kiers et al., 2008; Kriz et al., 2011; Lacave, 2009). 
Micobacteriosis was diagnosed in only one Otariid species of the Northern Hemisphere 
(California sea lion, Zalophus californianus, Ehlers, 1965; Gutter et al., 1987). Most diagnoses 
were made in captive Otaria flavescens, probably because it is the most common species in 
aquaria as it is easily trained. Uruguay exported this species destined for aquaria from 1980 
to 2006, when captures were restricted due to population decline (Páez, 2006). Nowadays, 
only live juvenile specimens of A. australis are caught for exportation to different 
destinations (Asia, Latin America and Europe). As this species is also carrier of M. pinnipedii 
(Cousins et al., 2003; Castro-Ramos et al., 2006; Katz et al., 2002) it is important to establish 
accurate diagnostic methods. The isolation of M. pinnipedii from different mammalian 
species (cattle, Bactrian camels, Malayan tapirs, Guinea pigs and humans), indistinguishable 
from strains isolated from pinnipeds, suggests that the bacillus has significant potential to 
infect a wide range of hosts, particularly when animals are in captivity (Cousins et al., 2003; 
Kiers et al., 2008; Moser et al., 2008). 

Presently, the diagnostic methods in living specimens have certain inaccuracies or 
deficiencies that make it difficult to establish a universal technique or golden standard. This 
is particularly important given that individuals carrying the microorganism can take years 
to show signs of the disease; only in terminal cases have nonspecific symptoms including 
anorexia, dysphagia, lethargy and weight loss been described. Coughing has not been 
described as a sign accompanying respiratory infection although significant lung lesions 
were present (Bernardelli, 1996; Castro-Ramos et al., 1998, 2006; Cousins et al., 1993; Kiers et 
al., 2008; Kriz et al., 2011; Lacave, 2009). In necropsied seals, tuberculosis diagnosis had been 
made based on mycobacterial isolation, histopathology and genetic characterization of 
strains. Imaging methods (radiography, computer tomography) have been used in captive 
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animals, but in wild conditions these procedures are impractical. Chest radiographs were 
performed on pinnipeds of different sizes, but in cases of very small lesions in large animals 
with thick blubber, radiological images do not give appropriate information (Forshaw & 
Phelps, 1991; Jurczynski et al., 2012). In some zoos computer tomography has been used for 
detection of small calcified granulomas (Jurczynski et al., 2011, 2012), but it is very difficult 
to be used routinely. Different serological tests (rapid test, Elephant TB STAT-PAK, 
Chembio; multiantigen print immunoassay (MAPIA) Chembio; dual path platform assay 
(DPP Vet; Chembio) have been used in O. flavescens individuals in captivity, with DPP 
technique demonstrating greater sensitivity (87.5%) (Jurczynski et al., 2012). The tuberculin 
skin test (TST) with purified protein derivative (PPD bovine and avian) for screening has 
been done in O. flavescens and A. australis individuals (Bernardelli et al., 1990; Castro-Ramos et 
al., 1998; Kiers et al, 2008; Lacave, 2009) and reported by Forshaw & Phelps (1991) in A. forsteri, 
A. pusillus doriferus and N. cinerea. This technique is very sensitive, economical and easy to 
perform. The possible occurrence of false negatives must be taken into consideration in cases 
of advanced infection with anergy or very recent infections that have not yet generated an 
appropriate immune response (Jurczynski et al., 2011). False positives may also occur in 
nonspecific cases of exposure to non-tuberculous mycobacteria (Mycobacterium avium, M. 
chelonae, M. fortuitum and M. smegmatis) (Bernardelli et al., 1990; Forshaw & Phelps, 1991). 
Tissue and bronchial secretion smears have been used for diagnosis (Jurczynski et al., 2012), 
but the AFB may correspond to mycobacteria other than M. pinnipedii and, therefore, other 
confirmation methods must be used. Molecular techniques (PCR, spoligotyping and MIRU / 
VNTR) applied to samples from purified cultures, tissues and sputum, have produced quick 
results, allowing the identification of strains involved and their origin (Cousins et al., 2003; 
Jurczynski et al., 2011; Kiers et al., 2008; Kriz et al., 2011; Moser et al., 2008). In zoo collections, 
it is suggested that the final diagnosis should be based on the simultaneous use of three 
different methods, needing a minimum of two positive tests to increase the overall sensitivity 
when making the final decision for euthanasia. In case of wild animals, the possible diagnostic 
methods could include the TST, culture and molecular analysis of sputum (PCR) and serology 
(DPP). This would be extremely important in order to establish or confirm the endemic 
conditions of the disease in wild colonies and prevent the exportation or handling of carrier 
animals. 

4. Importance of infectious diseases in Uruguayan pinniped colonies 
with zoonotic potential 

It has been documented that the introduction of novel pathogens into a native animal 
population without previous exposure could result in epizootics. Human and wildlife 
populations share a wide range of diseases. While the most common disease transmissions 
reported are between wild and domestic animals (though many zoonoses do have wildlife 
origin), emerging diseases of animal origin represent one of the greatest potential threats to 
public health.  

The emergence and re-emergence of over 30 agents have been reported in marine mammals 
(Miller et al., 2001). There are several reports about their susceptibility to virus, bacterial, 
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fungal and parasitic agents, provoking diseases that result in mass mortality events 
(Gulland et al., 1996; Miller et al., 2004; Ostehaus, 2000). Once new or previous pathogens 
are established in the host, they can represent a health risk to other marine vertebrates, 
humans, or both. It is, however, very difficult to know which routes these zoonotic marine 
mammal infections take in the marine environment.  

The dynamic governing the relationship between infectious diseases affecting humans and 
marine vertebrates, including sea mammals is very complex and generally poorly 
understood.  It is probable that human activity is a greater threat to marine vertebrate health 
than vice versa (Mos et al., 2006). However, it is very difficult to establish the role of marine 
animals as vectors or carriers of zoonotic diseases. Although the role of sea mammals in 
transmission of potential zoonotic pathogens is not well established, several risk factors, 
including frequent and prolonged direct contact with live specimens, were clearly identified 
in workers exposed to these animals (Hunt et al. 2008).  Thus, these animals may present a 
zoonotic potential and also the potential for epizootic events which could cause health 
problems in marine animals. Since the influenza virus is transmitted by direct contact with 
infected individuals, by aerosol, or contact with infected objects, several incidents of 
influenza A virus transmission have occurred from infected seals and whales maintained in 
captivity to humans (Webster et al., 1981). 

Due to their life span, high trophic feeding and the continuous exposition to emerging 
pathogens, sea mammals might be considered as sentinel species of emerging/re-emerging 
diseases. Pinnipeds share these characteristics and may serve as effective sentinels 
providing information about public and aquatic ecosystem health, and indicating the 
current or potential negative impacts on animal health at the individual or population level.  

Implementing a proper management and the accurate execution of conservation policies of 
wildlife requires the analysis of the vulnerability of the animals to infectious diseases. The 
majority of animals included in our studies belonged to colonies near cities or towns in 
proximity to shore (Punta del Este, Polonio's Cape), regions that are commonly used by 
humans, marine and terrestrial mammals and different avian species, establishing an 
optimal opportunity for zoonotic disease transmission and long-term disease maintenance. 
The dense aggregations of pinniped colonies make fur seals and sea lions vulnerable to 
epizootics. Also, movements between adjacent latitudinal domains are common in both 
pinniped species, which could transmit or acquire pathogens during feeding trips to other 
parts of the Atlantic Ocean and the La Plata River.  

The diagnosis of influenza virus in high-density seal populations in Uruguay generated 
considerable concern about the potential impacts on South American fur seal and sea lion 
colonies, as well as potential health risks to humans and domestic animals. In the evolution 
and ecology of influenza viruses, interspecies transmission is an important factor; seabirds 
and marine mammals are conspicuous animals that integrate changes in the ecosystem and 
reflect the existing state of the environment (Aguirre & Tabor, 2004; Boersma, 2008; Moore, 
2008; Thiele et al., 2004). Transmission of the influenza virus occurs between avian and 
several marine mammal species (Mandler et al., 1990) at least for influenza A virus, 
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animals, but in wild conditions these procedures are impractical. Chest radiographs were 
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It has been documented that the introduction of novel pathogens into a native animal 
population without previous exposure could result in epizootics. Human and wildlife 
populations share a wide range of diseases. While the most common disease transmissions 
reported are between wild and domestic animals (though many zoonoses do have wildlife 
origin), emerging diseases of animal origin represent one of the greatest potential threats to 
public health.  

The emergence and re-emergence of over 30 agents have been reported in marine mammals 
(Miller et al., 2001). There are several reports about their susceptibility to virus, bacterial, 
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fungal and parasitic agents, provoking diseases that result in mass mortality events 
(Gulland et al., 1996; Miller et al., 2004; Ostehaus, 2000). Once new or previous pathogens 
are established in the host, they can represent a health risk to other marine vertebrates, 
humans, or both. It is, however, very difficult to know which routes these zoonotic marine 
mammal infections take in the marine environment.  

The dynamic governing the relationship between infectious diseases affecting humans and 
marine vertebrates, including sea mammals is very complex and generally poorly 
understood.  It is probable that human activity is a greater threat to marine vertebrate health 
than vice versa (Mos et al., 2006). However, it is very difficult to establish the role of marine 
animals as vectors or carriers of zoonotic diseases. Although the role of sea mammals in 
transmission of potential zoonotic pathogens is not well established, several risk factors, 
including frequent and prolonged direct contact with live specimens, were clearly identified 
in workers exposed to these animals (Hunt et al. 2008).  Thus, these animals may present a 
zoonotic potential and also the potential for epizootic events which could cause health 
problems in marine animals. Since the influenza virus is transmitted by direct contact with 
infected individuals, by aerosol, or contact with infected objects, several incidents of 
influenza A virus transmission have occurred from infected seals and whales maintained in 
captivity to humans (Webster et al., 1981). 

Due to their life span, high trophic feeding and the continuous exposition to emerging 
pathogens, sea mammals might be considered as sentinel species of emerging/re-emerging 
diseases. Pinnipeds share these characteristics and may serve as effective sentinels 
providing information about public and aquatic ecosystem health, and indicating the 
current or potential negative impacts on animal health at the individual or population level.  

Implementing a proper management and the accurate execution of conservation policies of 
wildlife requires the analysis of the vulnerability of the animals to infectious diseases. The 
majority of animals included in our studies belonged to colonies near cities or towns in 
proximity to shore (Punta del Este, Polonio's Cape), regions that are commonly used by 
humans, marine and terrestrial mammals and different avian species, establishing an 
optimal opportunity for zoonotic disease transmission and long-term disease maintenance. 
The dense aggregations of pinniped colonies make fur seals and sea lions vulnerable to 
epizootics. Also, movements between adjacent latitudinal domains are common in both 
pinniped species, which could transmit or acquire pathogens during feeding trips to other 
parts of the Atlantic Ocean and the La Plata River.  

The diagnosis of influenza virus in high-density seal populations in Uruguay generated 
considerable concern about the potential impacts on South American fur seal and sea lion 
colonies, as well as potential health risks to humans and domestic animals. In the evolution 
and ecology of influenza viruses, interspecies transmission is an important factor; seabirds 
and marine mammals are conspicuous animals that integrate changes in the ecosystem and 
reflect the existing state of the environment (Aguirre & Tabor, 2004; Boersma, 2008; Moore, 
2008; Thiele et al., 2004). Transmission of the influenza virus occurs between avian and 
several marine mammal species (Mandler et al., 1990) at least for influenza A virus, 
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representing an important step in the evolution and emergence of new mammalian viral 
strains. Fur seals have the potential to serve as an influenza reservoir for other mammal 
species. However, more detailed studies are needed to elucidate the role of seals in the 
epidemiology of influenza along the Uruguayan coasts and in other South American 
countries. 

Our findings confirm that fur seals can act as reservoirs of human influenza strains that 
circulated in the past, and also suggest that influenza A and B viruses may be transmitted 
from humans to seals as has been mentioned by other authors (Ohishi et al., 2002, 2004; 
Osterhaus, 2000). This transmission is due to the highly social lifestyle of pinnipeds, which 
congregate at sea and on land, and frequently associate with seals from other colonies. It is 
important to note that there is a strong interaction between seals and humans on Lobos 
Island and Polonio's Cape during live animal captures; nowadays, most interactions occur 
during capture and research activities, as well as in rehabilitation centers and sometimes 
with divers that swim near the seal islands. These events constitute opportunities for new 
influenza strains to jump between humans and seals, providing the potential for an 
epidemic event. Gaining information on the full spectrum of influenza viruses circulating in 
our seal colonies and detecting these viruses will remain an important task for its 
surveillance, outbreak control, and animal and public health. 

As described previously, tuberculosis in pinnipeds had been recorded from the beginning of 
the twentieth century but it was not until mid 80's and later that several publications 
appeared with data from stranded animals and zoological collections. It is important to note 
that most records are from Otariids from the Southern Hemisphere, a single diagnosis is 
from a southern elephant seal and one from one native Northern Otariid species kept in 
captivity in the Northern Hemisphere. 

Despite the fact that the seal harvest in Uruguay extended for 200 years, there are no records 
of macroscopic lesions observed in animals, nor of tuberculosis diagnosis from the staff 
working in the capture, slaughter or processing of the by-products, that could contribute 
retrospective data to this disease in Uruguayan pinniped colonies. The disease is considered 
endemic because of the numerous cases diagnosed in wild animals and the high prevalence 
of South American seals kept in aquaria and zoos. Unfortunately, to date non 
epidemiological studies have been conducted in any of the seal colonies from the Southern 
Hemisphere which could indicate the prevalence of the disease in its natural environment. 

Information presented in this work, including the isolation of M. pinnipedii in pups and 
juvenile seals, indicates the early transmission of the organism. However, it is difficult to 
establish the course of the disease or immune mechanisms that may develop in each 
individual to control the infection or, in other cases, allow individuals to act as healthy 
carriers for several years until some trigger factor determines the development of the 
disease. 

The most important mechanism of transmission of M. tuberculosis, and probably M. 
pinnipedii, is through the air by droplets produced when an individual with respiratory tract 
TB eliminates aerosolized microorganisms by coughing or sneezing. Large droplets fall 
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quickly due to their weight and reach the ground without evaporation. Smaller drops 
evaporate and decrease in size, becoming infectious droplet nuclei, which remain 
suspended in ambient air for a long time and can be airborne for days. Successful 
transmission requires that these micro droplets charged with bacilli are of sufficiently small 
size (1 to 5 µm) to enable them to reach very deep into the lungs and alveoli (Rider, 1999). 
This phenomenon is more frequent in captive conditions in zoos and aquaria where spray 
released during enclosure hygiene, poor ventilation and exposure among animals in 
confined environments, constitute increased risk factors for infection as has been shown in 
different zoos (Cousins et al., 1993 and 2003; Kiers et al., 2008; Thompson et al., 1993). In 
wild pinniped colonies, natural ventilation and increased exposure to UV is a natural way of 
microorganism control that could be the reason for the less common occurrence of TB in 
these colonies. 

In the early course of host-pathogen interaction, mycobacteria are phagocytized by alveolar 
macrophages. In case the macrophage cannot destroy the pathogen, it resides in a quiescent 
state with a relatively low multiplication until cell mediated immunity is compromised 
transiently or permanently. Among the risk factors for immune-compromise, are age, 
history of a spontaneous TB cure with residual fibrotic lesions, and the time elapsed since 
infection. Other medical conditions such as endocrine disorders, tumors, malnutrition and 
stress may influence the progression of infection to disease (Musser et al., 2000; Rider, 1999). 
This evolution of the disease is consistent with the findings by different authors who have 
isolated AFB in organs without lesions from pups and juveniles (Bruning-Fann et al., 2001), 
identified the presence of calcified granulomas in mediastinal lymph nodes in adult and 
some juvenile animals in captivity and documented tuberculosis lesions in older animals 
(Jurczynski et al., 2011, 2012). 

Keepers and veterinarians at zoos, aquaria and rehabilitation centers are at increased risk of 
infection because of their extensive contact with the animals. The degree of risk depends on 
the type of accommodation and sanitizing procedures of the enclosures (Kiers et al., 2008; 
Thompson et al., 1993) in association with the presence of open tuberculosis cases. Given the 
zoonotic condition of the disease, it is important to take preventive measures in all 
personnel working near or with access to wild and captive pinnipeds (researchers, 
fishermen, seal hunters, rehabilitation centers, aquaria and zoos staff) (Kiers et al., 2008; 
Thompson et al., 1993) and to establish hygiene measures for reducing the chances of 
spreading the infection.  

Since development of the disease is triggered under immunosuppressive conditions, it is 
important to assess which factors directly or indirectly affect the immune system and allow 
development of the disease in wild populations of the Southern Hemisphere. This also 
applies to other diseases that may be affecting the health status of wild colonies, particularly 
in O. flavescens from Uruguay, whose population is declining. 

Further investigation is needed in order to establish the sources of zoonotic potential in the 
marine environment and to better understand the nature of health risks for sea mammals 
and human. Additional epidemiologic studies are also required, to investigate epizootic 
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representing an important step in the evolution and emergence of new mammalian viral 
strains. Fur seals have the potential to serve as an influenza reservoir for other mammal 
species. However, more detailed studies are needed to elucidate the role of seals in the 
epidemiology of influenza along the Uruguayan coasts and in other South American 
countries. 

Our findings confirm that fur seals can act as reservoirs of human influenza strains that 
circulated in the past, and also suggest that influenza A and B viruses may be transmitted 
from humans to seals as has been mentioned by other authors (Ohishi et al., 2002, 2004; 
Osterhaus, 2000). This transmission is due to the highly social lifestyle of pinnipeds, which 
congregate at sea and on land, and frequently associate with seals from other colonies. It is 
important to note that there is a strong interaction between seals and humans on Lobos 
Island and Polonio's Cape during live animal captures; nowadays, most interactions occur 
during capture and research activities, as well as in rehabilitation centers and sometimes 
with divers that swim near the seal islands. These events constitute opportunities for new 
influenza strains to jump between humans and seals, providing the potential for an 
epidemic event. Gaining information on the full spectrum of influenza viruses circulating in 
our seal colonies and detecting these viruses will remain an important task for its 
surveillance, outbreak control, and animal and public health. 

As described previously, tuberculosis in pinnipeds had been recorded from the beginning of 
the twentieth century but it was not until mid 80's and later that several publications 
appeared with data from stranded animals and zoological collections. It is important to note 
that most records are from Otariids from the Southern Hemisphere, a single diagnosis is 
from a southern elephant seal and one from one native Northern Otariid species kept in 
captivity in the Northern Hemisphere. 

Despite the fact that the seal harvest in Uruguay extended for 200 years, there are no records 
of macroscopic lesions observed in animals, nor of tuberculosis diagnosis from the staff 
working in the capture, slaughter or processing of the by-products, that could contribute 
retrospective data to this disease in Uruguayan pinniped colonies. The disease is considered 
endemic because of the numerous cases diagnosed in wild animals and the high prevalence 
of South American seals kept in aquaria and zoos. Unfortunately, to date non 
epidemiological studies have been conducted in any of the seal colonies from the Southern 
Hemisphere which could indicate the prevalence of the disease in its natural environment. 

Information presented in this work, including the isolation of M. pinnipedii in pups and 
juvenile seals, indicates the early transmission of the organism. However, it is difficult to 
establish the course of the disease or immune mechanisms that may develop in each 
individual to control the infection or, in other cases, allow individuals to act as healthy 
carriers for several years until some trigger factor determines the development of the 
disease. 

The most important mechanism of transmission of M. tuberculosis, and probably M. 
pinnipedii, is through the air by droplets produced when an individual with respiratory tract 
TB eliminates aerosolized microorganisms by coughing or sneezing. Large droplets fall 
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quickly due to their weight and reach the ground without evaporation. Smaller drops 
evaporate and decrease in size, becoming infectious droplet nuclei, which remain 
suspended in ambient air for a long time and can be airborne for days. Successful 
transmission requires that these micro droplets charged with bacilli are of sufficiently small 
size (1 to 5 µm) to enable them to reach very deep into the lungs and alveoli (Rider, 1999). 
This phenomenon is more frequent in captive conditions in zoos and aquaria where spray 
released during enclosure hygiene, poor ventilation and exposure among animals in 
confined environments, constitute increased risk factors for infection as has been shown in 
different zoos (Cousins et al., 1993 and 2003; Kiers et al., 2008; Thompson et al., 1993). In 
wild pinniped colonies, natural ventilation and increased exposure to UV is a natural way of 
microorganism control that could be the reason for the less common occurrence of TB in 
these colonies. 

In the early course of host-pathogen interaction, mycobacteria are phagocytized by alveolar 
macrophages. In case the macrophage cannot destroy the pathogen, it resides in a quiescent 
state with a relatively low multiplication until cell mediated immunity is compromised 
transiently or permanently. Among the risk factors for immune-compromise, are age, 
history of a spontaneous TB cure with residual fibrotic lesions, and the time elapsed since 
infection. Other medical conditions such as endocrine disorders, tumors, malnutrition and 
stress may influence the progression of infection to disease (Musser et al., 2000; Rider, 1999). 
This evolution of the disease is consistent with the findings by different authors who have 
isolated AFB in organs without lesions from pups and juveniles (Bruning-Fann et al., 2001), 
identified the presence of calcified granulomas in mediastinal lymph nodes in adult and 
some juvenile animals in captivity and documented tuberculosis lesions in older animals 
(Jurczynski et al., 2011, 2012). 

Keepers and veterinarians at zoos, aquaria and rehabilitation centers are at increased risk of 
infection because of their extensive contact with the animals. The degree of risk depends on 
the type of accommodation and sanitizing procedures of the enclosures (Kiers et al., 2008; 
Thompson et al., 1993) in association with the presence of open tuberculosis cases. Given the 
zoonotic condition of the disease, it is important to take preventive measures in all 
personnel working near or with access to wild and captive pinnipeds (researchers, 
fishermen, seal hunters, rehabilitation centers, aquaria and zoos staff) (Kiers et al., 2008; 
Thompson et al., 1993) and to establish hygiene measures for reducing the chances of 
spreading the infection.  

Since development of the disease is triggered under immunosuppressive conditions, it is 
important to assess which factors directly or indirectly affect the immune system and allow 
development of the disease in wild populations of the Southern Hemisphere. This also 
applies to other diseases that may be affecting the health status of wild colonies, particularly 
in O. flavescens from Uruguay, whose population is declining. 

Further investigation is needed in order to establish the sources of zoonotic potential in the 
marine environment and to better understand the nature of health risks for sea mammals 
and human. Additional epidemiologic studies are also required, to investigate epizootic 
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episodes assessing its impact and to elucidate how these diseases spread among and within 
marine mammal’s populations. 
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episodes assessing its impact and to elucidate how these diseases spread among and within 
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1. Introduction 

Incidences of infectious diseases in marine mammals have been increasing [1]. Among them, 
morbillivirus infection is the greatest threat to marine mammals becuase it has caused mass 
die-offs in several pinniped and cetacean species in the past few decades [2,3]. The genus 
Morbillivirus belongs to the family Paramyxoviridae, and the viruses in this genus have a 
genome consisting of a single piece of negative-stranded RNA, which encodes eight viral 
proteins: a nucleocapsid protein (N); a phosphoprotein (P); two virulence factors (C and V); 
a matrix protein (M); a membrane fusion protein (F); a hemagglutinin binding protein (H); 
and an RNA polymerase (L) [4]. The two viral surface glycoproteins, H and F, play 
important roles during the viral infection of host cells. The H protein is required for viral 
attachment to the host cells, while the F protein mediates membrane fusion with the host 
plasma membrane and enables the entry of the virus.  

Until the discovery of a new mobillivirus in marine mammals in 1988, only four 
morbillivirus species had been identified in land mammals: the measles virus (MV); 
rinderpest virus (RPV); peste des petits ruminants virus (PPRV); and canine distemper virus 
(CDV) [4]. The new morbillivirus was isolated from dead harbor seals (Phoca vitulina) in a 
mass die-off around the Baltic and North Sea coasts and was named phocine distemper 
virus (PDV) [5,6]. Two other new viruses originating in cetaceans were also isolated from 
dead harbor porpoises (Phocoena phocoena) and striped dolphins (Stenella coeruleoalba) and 
were named porpoise morbillivirus (PMV) and dolphin morbillivirus (DMV) [7,8]. Based on 
the similarities of the gene sequences, it was proposed that the cetacean-origin viruses be 
unified as a single species, cetacean morbillivirus (CMV) [9,10].  
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Morbilliviruses propagate primarily in lymphoid tissues and induce acute disease. They are 
usually accompanied by lymphopenia and immunosuppression, which often lead to 
secondary, opportunistic infections in the host. The distemper viruses, CDV and PDV, often 
invade the central nervous systems of their hosts, although acute encephalitis is not 
common in other morbillivirus infections [4]. A notable feature of morbilliviruses is their 
high host specificity. The natural host of MV is humans, but it can also infect monkeys. 
Ruminants are the targets of RPV and PPRV. RPV mainly infects cattle, while PPRV infects 
goats and sheep. Although these viruses have multiple host compatibilities, they induce 
more severe disease in the primary hosts than in others [11,12]. The natural host for CDV is 
dogs, but ferrets (Mustela putorius furo) have been used as an experimental model due to 
their high sensitivity to CDV. Recently, the host range of CDV has been shown to be wider 
than previously thought and expanded to include other wild carnivores, such as Baikal seals 
(Phoca sibirica) or lions (Panthera leo) [13-15]. PDV and CMV have been isolated only from 
seals and cetaceans, respectively. While no morbilliviruses have been isolated from 
sirenians, serologic evidence of exposure to morbillivirus was reported in manatees 
(Trichechus manatus) without showing clinical signs of disease [16,17].  

The cellular receptor of a virus is one of the major determinants of host specificity and tissue 
tropism. The signaling lymphocyte activation molecule (SLAM) has recently been shown to 
be the principal cellular receptor for morbilliviruses in humans, cows, and dogs [18,19]. 
SLAM itself was first discovered in 1995 as a novel receptor molecule involved in T-cell 
activation [20]. It is expressed on various immune cells, such as thymocytes, activated T and 
B cells, mature dendritic cells, macrophages, and platelets [21,22]. SLAM is also a marker for 
the most primitive hematopoetic stem cells [23]. The distribution and function of SLAM are 
consistent with the cell tropism and immunosuppressive nature of morbilliviruses. This 
indicates that the host range of morbillivirus may be explained by key amino acid residues 
of SLAM on the interface with morbillivirus.  

In this chapter, we review morbillivirus infection in marine mammals and its possible 
primary receptor in the host, SLAM. Further, we discuss host–virus specificities based on 
three-dimensional models of SLAM and risk assessment of morbillivirus infection in marine 
mammals. 

2. Morbillivirus infection and its impact on marine mammals 

2.1. Mass die-offs in marine mammals and discovery of new morbilliviruses 

Since the late 1980s, many mass die-offs have been reported around the coasts of Europe 
and the USA (Table 1). Approximately 18,000 harbor seals and several hundred grey seals 
(Halichoerus grypus) were found dead on northern European coasts in 1988–1989. The 
distemper-like gross observations suggested that a morbillivirus could have been the 
causative agent [6]. Detailed serological, virological, and immunohistochemical 
examinations showed that the agent was a new member of the genus Morbillivirus, named 
phocine distemper virus (PDV) [5,24]. In 2002, PDV again killed at least 21,000 seals 
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inhabiting the same locales [25,26]. About the same time as the first outbreak on northern 
European coasts, in 1987–1988 the deaths of approximately 18,000 Baikal seals were reported 
in Lake Baikal which showed clinical signs identical to those reported in European seals 
[13]. However, subsequent genomic characterization revealed that the cause of the mass die-
off of Baikal seals was CDV [27-31]. CDV also induced another mass die-off among Caspian 
seals (Phoca caspica), in which many seals died in 1997 and 2000, near Azerbaijan on the 
western shores of the Caspian Sea [32,33].  
 

Date Site Animal species No. of dead Virus 

1987-1988 USA Atlantic coast Tursiops truncatus >2,500 CMV 
1987-1988 Lake Baikal Phoca sibirica >18,000 CDV 

1988 North & Baltic Sea Phoca vitulina >18,000 PDV 
1990 Mediterrean Sea Stenella coeruleoalba >2,000 CMV 
1993 Mexican Gulf Tursiops truncatus >1,000 CMV 
1997 Caspian Sea Phoca caspica >2,000 CDV 
2000 Caspian Sea Phoca caspica >10,000 CDV 
2002 North & Baltic Sea Phoca vitulina >21,000 PDV 

CMV, cetacean morbillivirus; CDV, canine distemper virus; PDV, phocine distemper virus. 

Table 1. Mass die-offs of marine mammals caused by morbilliviruses. 

The first evidence of morbillivirus infection in cetaceans was described in several stranded 
harbor porpoises with pathological changes on the Irish coastline in 1988 [7]. A new 
morbillivirus was isolated and termed PMV for “porpoise” [34]. Since 1990, a severe mass 
die-off began to affect the striped dolphin (Stenella coeruleoalba) population on the 
Mediterranean coast of Spain and rapidly spread throughout the western Mediterranean 
Sea, including the coasts of France, Italy, Greece, and Turkey [8,35] (Table 1). A new virus, 
named DMV for “dolphin” was isolated as the causative agent [9]. A retrospective serologic 
investigation indicated that PMV and DMV were the agents responsible for another 
epidemic in bottlenose dolphins (Tursiops truncatus) along the Atlantic coast of the USA, for 
which the causative agent had been initially thought to be brevetoxin produced by a marine 
dinoflagellate (Ptychodiscus brevis) [36-38]. PMV also induced a die-off of bottlenose dolphins 
in the Gulf of Mexico during 1993–1994 [37-39]. Molecular biological analyses of these 
cetacean morbilliviruses showed that their gene sequences were similar [9,10]. Based on the 
similarities, it was proposed that these cetacean morbilliviruses be classified as a single 
species called CMV. 

Thus, morbillivirus infection has a strong impact on populations of marine mammals, as 
listed in Table 1. In addition to mass die-offs, many smaller-scale die-offs were reported in 
various oceans. Even if the scale is small, outbreaks of morbillivirus infection can have 
serious consequences for marine mammal populations, especially among endangered 
species at risk of extinction, such as Mediterranean monk seals (Monachus monachus). In 
1997, approximately 50% of the population of Mediterranean monk seals residing along the 
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Morbilliviruses propagate primarily in lymphoid tissues and induce acute disease. They are 
usually accompanied by lymphopenia and immunosuppression, which often lead to 
secondary, opportunistic infections in the host. The distemper viruses, CDV and PDV, often 
invade the central nervous systems of their hosts, although acute encephalitis is not 
common in other morbillivirus infections [4]. A notable feature of morbilliviruses is their 
high host specificity. The natural host of MV is humans, but it can also infect monkeys. 
Ruminants are the targets of RPV and PPRV. RPV mainly infects cattle, while PPRV infects 
goats and sheep. Although these viruses have multiple host compatibilities, they induce 
more severe disease in the primary hosts than in others [11,12]. The natural host for CDV is 
dogs, but ferrets (Mustela putorius furo) have been used as an experimental model due to 
their high sensitivity to CDV. Recently, the host range of CDV has been shown to be wider 
than previously thought and expanded to include other wild carnivores, such as Baikal seals 
(Phoca sibirica) or lions (Panthera leo) [13-15]. PDV and CMV have been isolated only from 
seals and cetaceans, respectively. While no morbilliviruses have been isolated from 
sirenians, serologic evidence of exposure to morbillivirus was reported in manatees 
(Trichechus manatus) without showing clinical signs of disease [16,17].  

The cellular receptor of a virus is one of the major determinants of host specificity and tissue 
tropism. The signaling lymphocyte activation molecule (SLAM) has recently been shown to 
be the principal cellular receptor for morbilliviruses in humans, cows, and dogs [18,19]. 
SLAM itself was first discovered in 1995 as a novel receptor molecule involved in T-cell 
activation [20]. It is expressed on various immune cells, such as thymocytes, activated T and 
B cells, mature dendritic cells, macrophages, and platelets [21,22]. SLAM is also a marker for 
the most primitive hematopoetic stem cells [23]. The distribution and function of SLAM are 
consistent with the cell tropism and immunosuppressive nature of morbilliviruses. This 
indicates that the host range of morbillivirus may be explained by key amino acid residues 
of SLAM on the interface with morbillivirus.  

In this chapter, we review morbillivirus infection in marine mammals and its possible 
primary receptor in the host, SLAM. Further, we discuss host–virus specificities based on 
three-dimensional models of SLAM and risk assessment of morbillivirus infection in marine 
mammals. 

2. Morbillivirus infection and its impact on marine mammals 

2.1. Mass die-offs in marine mammals and discovery of new morbilliviruses 

Since the late 1980s, many mass die-offs have been reported around the coasts of Europe 
and the USA (Table 1). Approximately 18,000 harbor seals and several hundred grey seals 
(Halichoerus grypus) were found dead on northern European coasts in 1988–1989. The 
distemper-like gross observations suggested that a morbillivirus could have been the 
causative agent [6]. Detailed serological, virological, and immunohistochemical 
examinations showed that the agent was a new member of the genus Morbillivirus, named 
phocine distemper virus (PDV) [5,24]. In 2002, PDV again killed at least 21,000 seals 
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inhabiting the same locales [25,26]. About the same time as the first outbreak on northern 
European coasts, in 1987–1988 the deaths of approximately 18,000 Baikal seals were reported 
in Lake Baikal which showed clinical signs identical to those reported in European seals 
[13]. However, subsequent genomic characterization revealed that the cause of the mass die-
off of Baikal seals was CDV [27-31]. CDV also induced another mass die-off among Caspian 
seals (Phoca caspica), in which many seals died in 1997 and 2000, near Azerbaijan on the 
western shores of the Caspian Sea [32,33].  
 

Date Site Animal species No. of dead Virus 

1987-1988 USA Atlantic coast Tursiops truncatus >2,500 CMV 
1987-1988 Lake Baikal Phoca sibirica >18,000 CDV 

1988 North & Baltic Sea Phoca vitulina >18,000 PDV 
1990 Mediterrean Sea Stenella coeruleoalba >2,000 CMV 
1993 Mexican Gulf Tursiops truncatus >1,000 CMV 
1997 Caspian Sea Phoca caspica >2,000 CDV 
2000 Caspian Sea Phoca caspica >10,000 CDV 
2002 North & Baltic Sea Phoca vitulina >21,000 PDV 

CMV, cetacean morbillivirus; CDV, canine distemper virus; PDV, phocine distemper virus. 

Table 1. Mass die-offs of marine mammals caused by morbilliviruses. 

The first evidence of morbillivirus infection in cetaceans was described in several stranded 
harbor porpoises with pathological changes on the Irish coastline in 1988 [7]. A new 
morbillivirus was isolated and termed PMV for “porpoise” [34]. Since 1990, a severe mass 
die-off began to affect the striped dolphin (Stenella coeruleoalba) population on the 
Mediterranean coast of Spain and rapidly spread throughout the western Mediterranean 
Sea, including the coasts of France, Italy, Greece, and Turkey [8,35] (Table 1). A new virus, 
named DMV for “dolphin” was isolated as the causative agent [9]. A retrospective serologic 
investigation indicated that PMV and DMV were the agents responsible for another 
epidemic in bottlenose dolphins (Tursiops truncatus) along the Atlantic coast of the USA, for 
which the causative agent had been initially thought to be brevetoxin produced by a marine 
dinoflagellate (Ptychodiscus brevis) [36-38]. PMV also induced a die-off of bottlenose dolphins 
in the Gulf of Mexico during 1993–1994 [37-39]. Molecular biological analyses of these 
cetacean morbilliviruses showed that their gene sequences were similar [9,10]. Based on the 
similarities, it was proposed that these cetacean morbilliviruses be classified as a single 
species called CMV. 

Thus, morbillivirus infection has a strong impact on populations of marine mammals, as 
listed in Table 1. In addition to mass die-offs, many smaller-scale die-offs were reported in 
various oceans. Even if the scale is small, outbreaks of morbillivirus infection can have 
serious consequences for marine mammal populations, especially among endangered 
species at risk of extinction, such as Mediterranean monk seals (Monachus monachus). In 
1997, approximately 50% of the population of Mediterranean monk seals residing along the 
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coast of Mauritania in Africa died suddenly. Morbilliviruses were isolated from the dead 
seals, although distemper-like lesions were not detected in the animals [40]. Hence, it 
remains unclear whether morbillivirus was the agent responsible for the dramatic deaths. 
The involvement of an algal bloom was also suggested as the primary cause [41]. In any 
case, when populations of many marine mammal species are decreasing, morbillivirus 
infection may cause a fatal blow.  

2.2. Transmission and maintenance reservoir of marine morbilliviruses 

The origin, precise mode of transmission, and maintenance reservoir of morbilliviruses 
causing die-off epidemics in marine mammals remain to be elucidated. Morbilliviruses 
proliferate in the infected animal for a short time after infection but do not persist in the host 
[4]. After being shed from the infected host, they do not survive long in the environment [4]. 
For the transmission of morbilliviruses, therefore, close contact between acutely infected and 
susceptible animals is required. In addition, because a morbillivirus infection results in 
lifelong immunity in the infected animal, when the virus is maintained in an animal 
population, a constant supply of new susceptible animals is needed. It has been calculated 
that the minimal population size for MV maintenance is approximately 300,000 individuals 
[42]. In the mass die-off of European seals in 1988, the most likely viral source was an 
infected seal population in the Arctic region, which moved southward and made contact 
with the population on the European coast. This hypothesis was based on the results of 
serologic studies using archival seal sera. PDV-specific antibodies were not observed in 
European seal sera before 1988, indicating that the population was naive and had not been 
previously exposed to the virus [43]. However, specific antibodies were detected in sera 
obtained from arctic seals long before 1998 [44,45]. In addition, alterations in the migration 
patterns of Arctic harp seal (Phoca groenlandica) populations were recorded. They were seen 
much farther south than usual in northern European waters in the year prior to the epizootic 
of the harp seal population [46]. The harp seal population is extremely large, with four 
million individuals in Canadian waters alone, which is sufficient to maintain morbillivirus 
circulating within the population. Subclinically or subacutely affected animals might play an 
important role in the transmission of the virus.  

It should be noted that morbillivirus transmission sometimes occurs between marine and 
land mammals. As described above, the mass die-offs of Baikal seals and Caspian seals were 
caused by infection with CDV [28,30,32]. The most likely source of infection was land 
animals infected with CDV, because outbreaks were common among the numerous feral 
and domestic dogs around the lake [47]. Accidental infection in the opposite direction was 
also reported. A farmed mink population fed infected seal meat was infected with PDV in 
Denmark during the 1988 epizootic of PDV [48].  

3. SLAM, a receptor of morbillivirus 

The characteristics of SLAM have been extensively studied in humans. SLAM (CD150) is a 
type I transmembrane protein, and there are many members of the SLAM family including 
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the well-known 2B4 (CD244), Ly-9 (CD229), NTB-A, and CD84 [49]. All of the SLAM family 
members have an extracellular region composed of a membrane-distal immunoglobulin 
variable (V) domain and a membrane-proximal immunoglobulin constant-2 (C2) domain, 
along with a cytoplasmic region bearing multiple tyrosine-based switch motifs (ITSMs) that 
bind cytoplasmic Src homology-2 (SH2)-containing proteins such as SLAM-associated 
protein (SAP) [50]. Evidence is accumulating that the interaction between the cytoplasmic 
region of SLAM and SAP family molecules mediates a switch to positive or negative 
signaling in immune cells and plays a crucial role in multiple immune regulations [22]. 
Genes for the SLAM family receptors are located within a ~400-kb cluster on chromosome 1 
in humans and mice [51]. This gene location, coupled with the conserved exon-intron 
structure of SLAM-related genes, implies that they were generated by the sequential 
duplication of a single ancestral gene. A SLAM family receptor forms a homophilic dimer by 
weak binding between the V domains and acts as a self-ligand, suggesting that the receptors 
can trigger homotypic or heterotypic cell–cell interactions [52]. The V domain of SLAM 
(CD150) also provides an interface for binding with morbilliviruses [53]. The viral H protein 
has a strong affinity for the V domain of SLAM, which is 400-fold higher than for self-ligand 
interaction [54]. The interaction between the viral H protein and SLAM V domain is the 
initial event in infection with morbilliviruses. The results of recent detailed structural 
studies have suggested that the interaction changes the microenvironment of the interaction 
zone for the fusion activity of the F protein, although the mechanism of membrane fusion 
mediated by the F protein is not fully understood [55-58].  

3.1. History of the discovery of the morbillivirus receptor 

The human CD46 molecule was first identified as a cellular receptor for Edmonston vaccine 
strains of MV [59,60]. The Edmonston strain was isolated from the blood and throat 
washings of a child with measles using primary human kidney cells in 1954 [61]. It was later 
adapted to chick embryo fibroblasts and is being used as an attenuated vaccine [62]. This 
strain grows well in many cell lines, such as Vero cells, and has become the most extensively 
studied MV strain in the laboratory. However, because CD46, a complement-regulatory 
molecule, is expressed on all human nucleated cells, its ubiquitous distribution cannot 
explain the lymphoid tropism of MV. At present, CD46 is thought to be a specific receptor of 
the Edmonston strain, which is presumed to acquire the ability to use CD46 by adapting to 
cultured human kidney cells. 

On the other hand, many wild-type strains have been isolated from clinical samples using 
the marmoset B cell line (B95a) [63], but they do not grow on many CD46+ cell lines. In order 
to identify the receptor for wild-type MV, functional expression cloning of a cDNA library 
of B95a cells was carried out using the VSV pseudotype system. SLAM was shown to be a 
cellular receptor for wild-type MV [18]. CDV and RPV were also shown to use canine and 
bovine SLAMs for entry into host cells [19]. Thus, SLAM is thought to be the major receptor 
for wild-type morbillviruses.  

Recently, Nectin 4, a cellular adhesion junction molecule, has been identified as the third 
receptor for MV in polarized epithelial cells [64,65]. Infection experiments in monkeys 
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coast of Mauritania in Africa died suddenly. Morbilliviruses were isolated from the dead 
seals, although distemper-like lesions were not detected in the animals [40]. Hence, it 
remains unclear whether morbillivirus was the agent responsible for the dramatic deaths. 
The involvement of an algal bloom was also suggested as the primary cause [41]. In any 
case, when populations of many marine mammal species are decreasing, morbillivirus 
infection may cause a fatal blow.  

2.2. Transmission and maintenance reservoir of marine morbilliviruses 

The origin, precise mode of transmission, and maintenance reservoir of morbilliviruses 
causing die-off epidemics in marine mammals remain to be elucidated. Morbilliviruses 
proliferate in the infected animal for a short time after infection but do not persist in the host 
[4]. After being shed from the infected host, they do not survive long in the environment [4]. 
For the transmission of morbilliviruses, therefore, close contact between acutely infected and 
susceptible animals is required. In addition, because a morbillivirus infection results in 
lifelong immunity in the infected animal, when the virus is maintained in an animal 
population, a constant supply of new susceptible animals is needed. It has been calculated 
that the minimal population size for MV maintenance is approximately 300,000 individuals 
[42]. In the mass die-off of European seals in 1988, the most likely viral source was an 
infected seal population in the Arctic region, which moved southward and made contact 
with the population on the European coast. This hypothesis was based on the results of 
serologic studies using archival seal sera. PDV-specific antibodies were not observed in 
European seal sera before 1988, indicating that the population was naive and had not been 
previously exposed to the virus [43]. However, specific antibodies were detected in sera 
obtained from arctic seals long before 1998 [44,45]. In addition, alterations in the migration 
patterns of Arctic harp seal (Phoca groenlandica) populations were recorded. They were seen 
much farther south than usual in northern European waters in the year prior to the epizootic 
of the harp seal population [46]. The harp seal population is extremely large, with four 
million individuals in Canadian waters alone, which is sufficient to maintain morbillivirus 
circulating within the population. Subclinically or subacutely affected animals might play an 
important role in the transmission of the virus.  

It should be noted that morbillivirus transmission sometimes occurs between marine and 
land mammals. As described above, the mass die-offs of Baikal seals and Caspian seals were 
caused by infection with CDV [28,30,32]. The most likely source of infection was land 
animals infected with CDV, because outbreaks were common among the numerous feral 
and domestic dogs around the lake [47]. Accidental infection in the opposite direction was 
also reported. A farmed mink population fed infected seal meat was infected with PDV in 
Denmark during the 1988 epizootic of PDV [48].  

3. SLAM, a receptor of morbillivirus 

The characteristics of SLAM have been extensively studied in humans. SLAM (CD150) is a 
type I transmembrane protein, and there are many members of the SLAM family including 
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the well-known 2B4 (CD244), Ly-9 (CD229), NTB-A, and CD84 [49]. All of the SLAM family 
members have an extracellular region composed of a membrane-distal immunoglobulin 
variable (V) domain and a membrane-proximal immunoglobulin constant-2 (C2) domain, 
along with a cytoplasmic region bearing multiple tyrosine-based switch motifs (ITSMs) that 
bind cytoplasmic Src homology-2 (SH2)-containing proteins such as SLAM-associated 
protein (SAP) [50]. Evidence is accumulating that the interaction between the cytoplasmic 
region of SLAM and SAP family molecules mediates a switch to positive or negative 
signaling in immune cells and plays a crucial role in multiple immune regulations [22]. 
Genes for the SLAM family receptors are located within a ~400-kb cluster on chromosome 1 
in humans and mice [51]. This gene location, coupled with the conserved exon-intron 
structure of SLAM-related genes, implies that they were generated by the sequential 
duplication of a single ancestral gene. A SLAM family receptor forms a homophilic dimer by 
weak binding between the V domains and acts as a self-ligand, suggesting that the receptors 
can trigger homotypic or heterotypic cell–cell interactions [52]. The V domain of SLAM 
(CD150) also provides an interface for binding with morbilliviruses [53]. The viral H protein 
has a strong affinity for the V domain of SLAM, which is 400-fold higher than for self-ligand 
interaction [54]. The interaction between the viral H protein and SLAM V domain is the 
initial event in infection with morbilliviruses. The results of recent detailed structural 
studies have suggested that the interaction changes the microenvironment of the interaction 
zone for the fusion activity of the F protein, although the mechanism of membrane fusion 
mediated by the F protein is not fully understood [55-58].  

3.1. History of the discovery of the morbillivirus receptor 

The human CD46 molecule was first identified as a cellular receptor for Edmonston vaccine 
strains of MV [59,60]. The Edmonston strain was isolated from the blood and throat 
washings of a child with measles using primary human kidney cells in 1954 [61]. It was later 
adapted to chick embryo fibroblasts and is being used as an attenuated vaccine [62]. This 
strain grows well in many cell lines, such as Vero cells, and has become the most extensively 
studied MV strain in the laboratory. However, because CD46, a complement-regulatory 
molecule, is expressed on all human nucleated cells, its ubiquitous distribution cannot 
explain the lymphoid tropism of MV. At present, CD46 is thought to be a specific receptor of 
the Edmonston strain, which is presumed to acquire the ability to use CD46 by adapting to 
cultured human kidney cells. 

On the other hand, many wild-type strains have been isolated from clinical samples using 
the marmoset B cell line (B95a) [63], but they do not grow on many CD46+ cell lines. In order 
to identify the receptor for wild-type MV, functional expression cloning of a cDNA library 
of B95a cells was carried out using the VSV pseudotype system. SLAM was shown to be a 
cellular receptor for wild-type MV [18]. CDV and RPV were also shown to use canine and 
bovine SLAMs for entry into host cells [19]. Thus, SLAM is thought to be the major receptor 
for wild-type morbillviruses.  

Recently, Nectin 4, a cellular adhesion junction molecule, has been identified as the third 
receptor for MV in polarized epithelial cells [64,65]. Infection experiments in monkeys 
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showed that MV initially targets SLAM-positive immune cells such as alveolar 
macrophages, dendritic cells, and lymphocytes, and later the viral infection spreads to the 
epithelial cells of the trachea, lungs, oral cavity, pharynx, or intestines, which are SLAM-
negative cells [66,67]. Another infection experiment using epithelial cell receptor-blind MV, 
demonstrated that the mutant MV inoculated intranasally to monkeys shows virulence and 
infectivity toward lymphoid tissues, although the virus cannot cross the airway epithelium 
and cannot be shed in the air [68]. The molecule forms tight junctions on polarized epithelial 
cells and was shown to function as the receptor for effectively releasing MV to the apical 
side of epithelial cells [69,70]. This explains why MV is highly contagious. Thus, the wild-
type MV posesses two types of receptor, SLAM for entry and propagation and Nectin 4 for 
viral release into the air.  

3.2. Structure of SLAMs of marine mammals 

Cetaceans and sirenians have achieved complete adaptation to the aquatic environment and 
spend all of their lives in water. Cetaceans belong to the order Cetartiodactyla, superorder 
Laurasiatheria, and are closely related to hippopotami or ruminants among land animals. 
Sirenians, including dugongs and manatees, are in the order Sirenia, superorder Afrotheria, 
and are evolutionarily related to elephants or hyraxes. Pinnipeds, belonging to the order 
Carnivora, superorder Laurasiatheria, are not completely adapted to the aquatic 
environment and they must deliver and nurse their young on land. This characteristic of 
pinnipeds makes it possible to transmit infectious diseases between aquatic and land 
mammals. To determine the structure of marine mammal SLAMs, we collected blood samples 
from taxonomically different animal groups, i.e., cetaceans, pinnipeds, and sirenians. White 
blood cells were obtained from: two species of cetacean, a Pacific white-sided dolphin 
(Lagenorhynchus obliquidens) and a killer whale (Orcinus orca); two species of pinniped, a 
spotted seal (Phoca largha), and a walrus (Odobenus rosmarus); and a sirenian, a West Indian 
manatee (Trichechus manatus). The blood of an Indian elephant (Elephas maximus bengalensis) 
was also collected. After immune stimulation with phytohemagglutinin, RNAs of the 
leukocytes were extracted. First, the complete nucleotide sequences of the SLAM genes were 
determined. Three-dimensional models were then generated based on the deduced amino acid 
sequences to compare the interface of their SLAM V domains [71]. 

3.2.1. Primary structure of SLAM proteins 

The deduced amino acid sequences of marine mammal and elephant SLAMs indicated that 
they contain 336–339 amino acid residues, inducing six cysteine residues and six potential 
N-linked glycosylation sites (Figure 1). They have two immunoglobulin-like domains, V and 
C2, in the extracellular region, and two ITSM motifs (T-X-Y-X-X-V/I) and one ITSM-like 
sequence in the intracellular region. These molecular features are shared with all reported 
mammalian SLAMs (Figure 1). The cetacean and pinniped SLAMs showed the greatest 
homology with those of artiodactyla (cow and sheep, 84–85% identity at the amino acid 
level) and of dogs (84%), respectively. Manatee SLAM shared the greatest homology with 
that of the elephant (86%) [71].  
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SP: signal peptide, TM: transmembrane region, V: immunoglobulin V-like domain, C2: immunoglobulin C2-like 
domain. Closed squares: ITSM and ITSM-like motifs, The N-linked glycosylation site and cysteine residues are 
indicated by arrows and triangles, respectively. 

Figure 1. Schematic drawings of domain (a) and primary structure (b) of marine mammal SLAMs.  

3.2.2. Phylogenetic analysis based on SLAM and morbillivirus H proteins 

Phylogenetic trees based on SLAM and the morbillivirus H protein were constructed using 
the maximum-likelihood (ML) and Bayesian methods. In the phylogeny of SLAMs (Figure 
2(a)), each taxonomic group, including primates (humans, chimpanzees, rhesus monkeys, 
and marmosets), cetaceans (Pacific white-sided dolphins and killer whales), artiodactyls 
(cows, buffalo, sheep, and goats), pinnipeds (spotted seals and walruses), and rodents (mice 
and rats), was monophyletic with a 100% ML bootstrap probability (BP) and a 1.00 Bayesian 
posterior probability (BPP). Manatee and elephant SLAMs, dog and pinipped SLAMs, and 
cetacean and artiodactyl SLAMs formed single clades, each with a 100% BP and a 1.00 BPP 
value, respectively.  

Morbillivirus phylogeny based on MV H protein sequences reflected the host grouping, 
except for MV. CDV (dogs, Baikal seals) and PDV (seals), and PMV (porpoises) and DMV 
(dolphins), respectively, formed single clades each with 100% BP and 1.00 BPP support 
(Figure 2(b)). The monophyletic lineage of MV (human) (100% BP and 1.00 BPP) was within 
the grouping of ruminant viruses, RPV (cow) and PPRV (sheep and goat), with 100% BP and 
1.00 BPP. These phylogenetic trees indicated that SLAMs and viral H proteins roughly co-
evolved. However, the monophyletic lineage of MV and the ruminant viruses RPV and 
PPRV suggested that human MV may have originated from ancestral RPV in cattle by 
acquiring a binding affinity for human SLAM, as proposed in a previous report based on the 
morbillivirus P gene [9] 



 
New Approaches to the Study of Marine Mammals 188 

showed that MV initially targets SLAM-positive immune cells such as alveolar 
macrophages, dendritic cells, and lymphocytes, and later the viral infection spreads to the 
epithelial cells of the trachea, lungs, oral cavity, pharynx, or intestines, which are SLAM-
negative cells [66,67]. Another infection experiment using epithelial cell receptor-blind MV, 
demonstrated that the mutant MV inoculated intranasally to monkeys shows virulence and 
infectivity toward lymphoid tissues, although the virus cannot cross the airway epithelium 
and cannot be shed in the air [68]. The molecule forms tight junctions on polarized epithelial 
cells and was shown to function as the receptor for effectively releasing MV to the apical 
side of epithelial cells [69,70]. This explains why MV is highly contagious. Thus, the wild-
type MV posesses two types of receptor, SLAM for entry and propagation and Nectin 4 for 
viral release into the air.  

3.2. Structure of SLAMs of marine mammals 

Cetaceans and sirenians have achieved complete adaptation to the aquatic environment and 
spend all of their lives in water. Cetaceans belong to the order Cetartiodactyla, superorder 
Laurasiatheria, and are closely related to hippopotami or ruminants among land animals. 
Sirenians, including dugongs and manatees, are in the order Sirenia, superorder Afrotheria, 
and are evolutionarily related to elephants or hyraxes. Pinnipeds, belonging to the order 
Carnivora, superorder Laurasiatheria, are not completely adapted to the aquatic 
environment and they must deliver and nurse their young on land. This characteristic of 
pinnipeds makes it possible to transmit infectious diseases between aquatic and land 
mammals. To determine the structure of marine mammal SLAMs, we collected blood samples 
from taxonomically different animal groups, i.e., cetaceans, pinnipeds, and sirenians. White 
blood cells were obtained from: two species of cetacean, a Pacific white-sided dolphin 
(Lagenorhynchus obliquidens) and a killer whale (Orcinus orca); two species of pinniped, a 
spotted seal (Phoca largha), and a walrus (Odobenus rosmarus); and a sirenian, a West Indian 
manatee (Trichechus manatus). The blood of an Indian elephant (Elephas maximus bengalensis) 
was also collected. After immune stimulation with phytohemagglutinin, RNAs of the 
leukocytes were extracted. First, the complete nucleotide sequences of the SLAM genes were 
determined. Three-dimensional models were then generated based on the deduced amino acid 
sequences to compare the interface of their SLAM V domains [71]. 

3.2.1. Primary structure of SLAM proteins 

The deduced amino acid sequences of marine mammal and elephant SLAMs indicated that 
they contain 336–339 amino acid residues, inducing six cysteine residues and six potential 
N-linked glycosylation sites (Figure 1). They have two immunoglobulin-like domains, V and 
C2, in the extracellular region, and two ITSM motifs (T-X-Y-X-X-V/I) and one ITSM-like 
sequence in the intracellular region. These molecular features are shared with all reported 
mammalian SLAMs (Figure 1). The cetacean and pinniped SLAMs showed the greatest 
homology with those of artiodactyla (cow and sheep, 84–85% identity at the amino acid 
level) and of dogs (84%), respectively. Manatee SLAM shared the greatest homology with 
that of the elephant (86%) [71].  
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SP: signal peptide, TM: transmembrane region, V: immunoglobulin V-like domain, C2: immunoglobulin C2-like 
domain. Closed squares: ITSM and ITSM-like motifs, The N-linked glycosylation site and cysteine residues are 
indicated by arrows and triangles, respectively. 

Figure 1. Schematic drawings of domain (a) and primary structure (b) of marine mammal SLAMs.  

3.2.2. Phylogenetic analysis based on SLAM and morbillivirus H proteins 

Phylogenetic trees based on SLAM and the morbillivirus H protein were constructed using 
the maximum-likelihood (ML) and Bayesian methods. In the phylogeny of SLAMs (Figure 
2(a)), each taxonomic group, including primates (humans, chimpanzees, rhesus monkeys, 
and marmosets), cetaceans (Pacific white-sided dolphins and killer whales), artiodactyls 
(cows, buffalo, sheep, and goats), pinnipeds (spotted seals and walruses), and rodents (mice 
and rats), was monophyletic with a 100% ML bootstrap probability (BP) and a 1.00 Bayesian 
posterior probability (BPP). Manatee and elephant SLAMs, dog and pinipped SLAMs, and 
cetacean and artiodactyl SLAMs formed single clades, each with a 100% BP and a 1.00 BPP 
value, respectively.  

Morbillivirus phylogeny based on MV H protein sequences reflected the host grouping, 
except for MV. CDV (dogs, Baikal seals) and PDV (seals), and PMV (porpoises) and DMV 
(dolphins), respectively, formed single clades each with 100% BP and 1.00 BPP support 
(Figure 2(b)). The monophyletic lineage of MV (human) (100% BP and 1.00 BPP) was within 
the grouping of ruminant viruses, RPV (cow) and PPRV (sheep and goat), with 100% BP and 
1.00 BPP. These phylogenetic trees indicated that SLAMs and viral H proteins roughly co-
evolved. However, the monophyletic lineage of MV and the ruminant viruses RPV and 
PPRV suggested that human MV may have originated from ancestral RPV in cattle by 
acquiring a binding affinity for human SLAM, as proposed in a previous report based on the 
morbillivirus P gene [9] 
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ML analyses were performed using PhyML [72], and an input tree was generated using BIONJ with the JTT model [73] 
along with amino acid substitution that incorporated invariable sites and used a discrete gamma distribution (eight 
categories) (JTT + I + G model). Bayesian phylogenetic analyses were conducted using MrBayes version 3.0 within the 
JTT + I + G model [74]. The ML bootstrap probabilities and BPPs are shown at the nodes. Host animals and the 
corresponding morbilliviruses are shown as circles with the same alphabetic notations: A, cetaceans; B, artiodactyla; C, 
pinnipeds; D, dogs; E, primates; F, rodents; and G, manatees and elephants. Morbillivirus has not been identified in 
rodents (F), or manatees and elephants (G). The following SLAM gene sequences were obtained from the Data Bank of 
Japan: Pacific white-sided dolphin (AB428366); killer whale (AB428367); spotted seal (AB428368); walrus (AB428369); 
Indian elephant (AB428370); American manatee (AB428371); human beings (Homo sapiens, NM_003037); chimpanzee 
(Pan troglodytes, XM_513924); marmoset (Saguinus oedipus, AF257239); Rhesus monkey (Macaca mulatta, 
XM_001117605); cow (Bos taurus, AF329970); buffalo (Bubalus bubalis, DQ228868); sheep (Ovis aries, NM_001040288); 
goat (Capra hircus, DQ228869); dog (Canis familaris, AF325357); mouse (Mus musculus, NM_013730); and rat (Rattus 
norvegicus, XM_001054873). Morbillivirus H protein sequences were obtained as follows: MV Edmonston AIK-C strain 
(AB046218); MV V9301 strain (AB012948); MV B9301 strain (AB012949); RPV RBOK strain (Z30697); PPRV Turkey 2000 
strain (NC_006383); CDV Onderstepoort vaccine strain (AF305419); CDV Baikal seal strain (X84998); CDV 5804/Han90 
strain (X85000); PDV Ulster/88 strain (D10371); PMV 2990 strain (AY586537); and DMV (NC_005283). The alignments 
of the deduced amino acid sequences from these genes were generated using ClustalW version 1.8, inspected visually, 
and edited manually. This figure was adapted from [71]. 

Figure 2. Phylogenetic trees of SLAM peptide sequences (a) and morbillivirus H proteins (b).  

3.2.3. Three-dimensional models of marine mammal SLAM extracellular domain 

In order to analyze the binding site for morbillivirus, three-dimensional (3D) models of 
marine mammal SLAM extracellular domains were generated by homology modeling. 
Previously, we constructed 3D homology models based on the crystallographic structure of 
the human NTB-A molecule, a member of the SLAM family, as a template [71,75]. In the 
present study, we generated a new version of the models by adding the recently determined 
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crystal structure information of the bound complex of MV H and marmoset SLAM V [56]. 
Figure 3 shows the 3D model of the Pacific white-sided dolphin SLAM extracellular domain 
in a self-ligand form. In the models, the V and C2 domains are shown with rod-like 
structures, which are both constituted mainly of -sheets containing several -strands. The 
cysteine residues appear to be important in forming the basic 3D structures. On the basis of 
amino acid sequence similarity, this structure is shared with all of the SLAMs examined. The 
V domain possesses a two-layered -sheet structure, and the front sheets provide an 
interface for binding with morbilliviruses.  

 
In (a), the blue and green models show respective SLAM extracellular domains forming a homophilic dimer. The β-
strands are indicated by arrows and the disulfide bonds are shown as yellow bars. The thick red arrow indicates the 
direction of view of the front face of the morbillivirus binding site, as shown in Figure 4. In (b), the blue and black 
models indicate two SLAM molecules of two adjacent cells, respectively. The Protein Data Bank (PDB) entries for the 
marmoset SLAM in the complex (3ALW: A-D chains, 3ALX: A–D chains, 3ALZ: B chain; reference [56]) and for human 
NTB-A (21F7: A–D chains; reference [75]), were used as the template structure. The 3D model was constructed using 
the MODELLER 9.10 program [76] and visualized using PyMOL 1.4.1 (Schrodinger LLC) and PovRay (Persistence of 
Vision Pty. Ltd.). 

Figure 3. Ribbon diagram of the 3D structure (a) and schematic drawing (b) of the SLAM extracellular 
domain from the Pacific white-sided dolphin.  

Figure 4 shows top views of the front face of the modeled V domains of SLAMs of the 
spotted seal, Pacific white-sided dolphin, and West Indian manatee. The amino acid 
residues that have protruding side-chains on their front faces are likely a component of 
virus binding. We found such qualified 27 amino acid residues; 12 amino acid residues on 
the β-strands and 15 residues on loops (Figure 4). In addition, the amino acid residues 
positioned at 76, and the residues at 127-131 are thought to be important for the binding of 
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3.2.3. Three-dimensional models of marine mammal SLAM extracellular domain 

In order to analyze the binding site for morbillivirus, three-dimensional (3D) models of 
marine mammal SLAM extracellular domains were generated by homology modeling. 
Previously, we constructed 3D homology models based on the crystallographic structure of 
the human NTB-A molecule, a member of the SLAM family, as a template [71,75]. In the 
present study, we generated a new version of the models by adding the recently determined 
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crystal structure information of the bound complex of MV H and marmoset SLAM V [56]. 
Figure 3 shows the 3D model of the Pacific white-sided dolphin SLAM extracellular domain 
in a self-ligand form. In the models, the V and C2 domains are shown with rod-like 
structures, which are both constituted mainly of -sheets containing several -strands. The 
cysteine residues appear to be important in forming the basic 3D structures. On the basis of 
amino acid sequence similarity, this structure is shared with all of the SLAMs examined. The 
V domain possesses a two-layered -sheet structure, and the front sheets provide an 
interface for binding with morbilliviruses.  

 
In (a), the blue and green models show respective SLAM extracellular domains forming a homophilic dimer. The β-
strands are indicated by arrows and the disulfide bonds are shown as yellow bars. The thick red arrow indicates the 
direction of view of the front face of the morbillivirus binding site, as shown in Figure 4. In (b), the blue and black 
models indicate two SLAM molecules of two adjacent cells, respectively. The Protein Data Bank (PDB) entries for the 
marmoset SLAM in the complex (3ALW: A-D chains, 3ALX: A–D chains, 3ALZ: B chain; reference [56]) and for human 
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Vision Pty. Ltd.). 

Figure 3. Ribbon diagram of the 3D structure (a) and schematic drawing (b) of the SLAM extracellular 
domain from the Pacific white-sided dolphin.  

Figure 4 shows top views of the front face of the modeled V domains of SLAMs of the 
spotted seal, Pacific white-sided dolphin, and West Indian manatee. The amino acid 
residues that have protruding side-chains on their front faces are likely a component of 
virus binding. We found such qualified 27 amino acid residues; 12 amino acid residues on 
the β-strands and 15 residues on loops (Figure 4). In addition, the amino acid residues 
positioned at 76, and the residues at 127-131 are thought to be important for the binding of 
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the virus, because the side-chains of these residues are closely located to those of viral H 
protein in a crystal structure of the complex [56]. Particularly, the residues at 127-131 are 
thought to form an intramolecular β-sheet with the β-strand of MV H [56]. The overall 3D 
structures of the interfaces are similar among SLAMs, but several among the total 32 amino 
acid residues possibly contributing the binding affinity to the virus, differed among the 
three marine mammals.  

 
The interfaces are viewed from the direction shown by the thick red arrow in Figure 3. The amino acid residues that 
possibly interact with the viral H protein, are shown with their position numbers. The different amino acid residues 
among the three mammal SLAMs are indicated in black, and their side-chains are shown with the atoms colored (black 
for carbons, blue for nitrogens, and red for oxygens). The shared residues among the three are shown in blue. Disulfide 
bonds are shown in yellow.  

Figure 4. Ribbon diagram of the 3D structure models of the SLAM interface for binding morbillivirus 
from the spotted seal (a), Pacific white-sided dolphin (b), and manatee (c).  
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3.2.4. Prediction of amino acid residues involved in virus binding and host–virus 
specificity 

To identify amino acid residues that are important for host–virus specificity, we compared 
the 32 residues with those of land mammal SLAMs (Table 2). The difference in the SLAM 
interface was only two amino acid residues between seal and dog (Val and Ile at position 74, 
and Arg and Gln at position 129), between human and marmoset (Leu and Phe at position 
119, Val and Ile at position 126, marmoset data not shown), and between cow and sheep 
(Asp and Gly at position 87, and Arg and His at position 90). This is consistent with the 
evidence that mass die-offs of Baikal seals and Caspian seals were caused by CDV; 
marmosets are highly sensitive to MV; and that RPV and PPRV can infect ruminants. It is 
noted that the identity of these 32 residues between dolphin and cow SLAMs is very high, 
although they are infected by different morbilliviruses, CMV and RPV, respectively. Four 
residues are different between the two animals, while eleven and fourteen residues are 
different between dolphin and seal, and between dolphin and humans, respectively.  

 

a.a. No. Seal Dog Dolphin Cow Sheep Human Manatee 
58 K K K K K K K 
60 I I I I I I I 
61 H H H H H H R* 
63 L L L L L V V 
65 T T T T T T T 
67 A A A A A A E* 
68 E E G* E E K* T* 
69 S S S S S S S 
72 N N D D D N S 
73 S S T T T S T 
74 V I V V V V F 
75 K K K K K E* K 
76 K K K K K N* K 
77 K K K K K K K 
80 S S S S S S S 
82 D D D D D D D 
84 P P R R R S S 
85 E E K K K E E 
87 G G D D G G G 
90 R R H R H R P* 
92 L L L L L L L 
117 W W W W W W W 
119 F F F F F L F 
121 T T S S S T T 
123 E E E E E E E 
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the virus, because the side-chains of these residues are closely located to those of viral H 
protein in a crystal structure of the complex [56]. Particularly, the residues at 127-131 are 
thought to form an intramolecular β-sheet with the β-strand of MV H [56]. The overall 3D 
structures of the interfaces are similar among SLAMs, but several among the total 32 amino 
acid residues possibly contributing the binding affinity to the virus, differed among the 
three marine mammals.  
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among the three mammal SLAMs are indicated in black, and their side-chains are shown with the atoms colored (black 
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119, Val and Ile at position 126, marmoset data not shown), and between cow and sheep 
(Asp and Gly at position 87, and Arg and His at position 90). This is consistent with the 
evidence that mass die-offs of Baikal seals and Caspian seals were caused by CDV; 
marmosets are highly sensitive to MV; and that RPV and PPRV can infect ruminants. It is 
noted that the identity of these 32 residues between dolphin and cow SLAMs is very high, 
although they are infected by different morbilliviruses, CMV and RPV, respectively. Four 
residues are different between the two animals, while eleven and fourteen residues are 
different between dolphin and seal, and between dolphin and humans, respectively.  

 

a.a. No. Seal Dog Dolphin Cow Sheep Human Manatee 
58 K K K K K K K 
60 I I I I I I I 
61 H H H H H H R* 
63 L L L L L V V 
65 T T T T T T T 
67 A A A A A A E* 
68 E E G* E E K* T* 
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82 D D D D D D D 
84 P P R R R S S 
85 E E K K K E E 
87 G G D D G G G 
90 R R H R H R P* 
92 L L L L L L L 
117 W W W W W W W 
119 F F F F F L F 
121 T T S S S T T 
123 E E E E E E E 
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a.a. No. Seal Dog Dolphin Cow Sheep Human Manatee 
125 N N N N N N N 
126 F F I V V V F 
127 S S S S S S S 
128 V V V V V V V 
129 R* Q Q Q Q Q Q 
130 H H Q H H R Q 
131 F F F F F F F 
Viruses PDV, 

CDV 
CDV CMV RPV, 

PPRV 
PPRV, 
RPV 

MV None 

The residue position, which varies among animals, is shaded. The light- and dark-shaded boxes indicate a variation in 
chemically (charge, hydrophilicity, etc.) similar or different residues. The asterisk indicates the specific residue with a 
chemical change for the animal SLAM. See the legend of Figure 2 for the animal names and accession numbers of the 
amino acid sequences used in this table. 

Table 2. Amino acid residues on the SLAM interface possibly involved in regulating the binding and 
specificity of morbilliviruses. 

Among the 32 residue positions, variations in amino acids were found at 18 positions (Table 
2, light and dark shading). At six positions (63,73,74,119,121, and 126), the changes are 
between chemically similar residues (light-shaded boxes in Table 2) and these do not seem 
to markedly affect binding with the viruses. On the other hand, the variations at the other 
twelve residue positions (61,67,68,72,75,76,84,85,87,90,129, and 130; dark-shaded boxes in 
Table 2) occur in amino acids with chemically different characteristics. In particular, the 
variations among amino acids with opposite charge may significantly alter the affinity for 
viruses (positions 68,75, and 85). The twelve amino acid residues are thought to be 
important in determining host–virus specificity. Almost of the twelve residues are located in 
the edge region of the interface. This may indicate that residues located in the central region 
of the interface play an important role in virus entry itself, rather than in host–virus 
specificity. Alternatively, they may be essential for a primary immunological function.  

A detailed binding assay using surface plasmon resonance analysis was carried out between 
human SLAM mutants and the MV H protein [56,57]. The respective changes in the residues 
from H61, E123, and R130 of the human SLAM interface to serine residues completely 
abolished the binding ability to the MV H protein. In crystallographic analysis, R130 was 
suggested to form an intramolecular salt bridge with E75 [56]. Only human SLAM possesses 
these two residues on the interface. As shown in Table 2, K68, a strong positively charged 
residue, is also specific for human SLAM. These facts suggest that they are key residues for 
MV infection. On the other hand, H61 and E123 are conserved in all mammals, except for 
R61 of manatees, suggesting that these residues play a crucial role in viral infection, rather 
than in host–virus specificity.  

Although a detailed analysis of SLAM–virus interaction has not been conducted in systems 
other than the human SLAM–MV complex, animal-specific residues can be seen in Table 2. 
For example, the markedly specific residue set R84-K85–D87-H90 is found in dolphin. These 
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residues are located spatially near each other in the 3D homology model of the interface 
(Figure 4). To clarify the influence of the changes in the charge, electrostatic potentials on the 
surface of SLAM interfaces of the three marine mammals, are shown in Figure 5. It can be 
seen that the zone constituted by the residues at positions 84, 85, 87, and 90 are different 
among the SLAM interfaces of three marine mammals. 

 
 
 

  
 
Electrostatic potential was calculated using DelPhi v.4 [77,78]. Positively and negatively charged surfaces are colored 
blue and red, respectively. 

Figure 5. Electrostatic potential on the surface of the SLAM interfaces with morbilliviruses deduced 
from the 3D homology model structures of the SLAM interfaces from the spotted seal (a), Pacific white-
sided dolphin (b), and manatee (c).  

The amino acid residues at positions 67 and 68 are also highly variable among the three 
interfaces (Table 2). The manatee-specific residue E67 appears to contribute greatly to the 
formation of the negatively charged zone (Figure 5). The manatee SLAM has two another 
specific residues, R61 and P90, which induce an acquisition of stronger positive charge or a 
loss of positive charge on the interface (Table 2, Figure 4). These findings suggest that if 
there is a morbillivirus for the sirenians, it has the H protein with a very different SLAM 
binding interface.  

Crystallographic analysis of the complex of MV H and marmoset SLAM V unexpectedly 
showed two different potentially tetramic configurations, form I and form II [56]. Residue 
N53 is located at the interface only in form II. Its replacement mutant changing to Q53 
showed a reduction in molecular masses, meaning the loss of glycosylation, and an 
unexpected increase in MV entry into human cells. The reason for this is not fully 
understood. However, because only primate and manatee SLAMs possess residue N53, it 
may also be involved in host–virus specificity. 
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viruses (positions 68,75, and 85). The twelve amino acid residues are thought to be 
important in determining host–virus specificity. Almost of the twelve residues are located in 
the edge region of the interface. This may indicate that residues located in the central region 
of the interface play an important role in virus entry itself, rather than in host–virus 
specificity. Alternatively, they may be essential for a primary immunological function.  

A detailed binding assay using surface plasmon resonance analysis was carried out between 
human SLAM mutants and the MV H protein [56,57]. The respective changes in the residues 
from H61, E123, and R130 of the human SLAM interface to serine residues completely 
abolished the binding ability to the MV H protein. In crystallographic analysis, R130 was 
suggested to form an intramolecular salt bridge with E75 [56]. Only human SLAM possesses 
these two residues on the interface. As shown in Table 2, K68, a strong positively charged 
residue, is also specific for human SLAM. These facts suggest that they are key residues for 
MV infection. On the other hand, H61 and E123 are conserved in all mammals, except for 
R61 of manatees, suggesting that these residues play a crucial role in viral infection, rather 
than in host–virus specificity.  

Although a detailed analysis of SLAM–virus interaction has not been conducted in systems 
other than the human SLAM–MV complex, animal-specific residues can be seen in Table 2. 
For example, the markedly specific residue set R84-K85–D87-H90 is found in dolphin. These 

Host-Virus Specificity of the Morbillivirus Receptor, SLAM, in Marine Mammals:  
Risk Assessment of Infection Based on Three-Dimensional Models 195 

residues are located spatially near each other in the 3D homology model of the interface 
(Figure 4). To clarify the influence of the changes in the charge, electrostatic potentials on the 
surface of SLAM interfaces of the three marine mammals, are shown in Figure 5. It can be 
seen that the zone constituted by the residues at positions 84, 85, 87, and 90 are different 
among the SLAM interfaces of three marine mammals. 

 
 
 

  
 
Electrostatic potential was calculated using DelPhi v.4 [77,78]. Positively and negatively charged surfaces are colored 
blue and red, respectively. 

Figure 5. Electrostatic potential on the surface of the SLAM interfaces with morbilliviruses deduced 
from the 3D homology model structures of the SLAM interfaces from the spotted seal (a), Pacific white-
sided dolphin (b), and manatee (c).  

The amino acid residues at positions 67 and 68 are also highly variable among the three 
interfaces (Table 2). The manatee-specific residue E67 appears to contribute greatly to the 
formation of the negatively charged zone (Figure 5). The manatee SLAM has two another 
specific residues, R61 and P90, which induce an acquisition of stronger positive charge or a 
loss of positive charge on the interface (Table 2, Figure 4). These findings suggest that if 
there is a morbillivirus for the sirenians, it has the H protein with a very different SLAM 
binding interface.  

Crystallographic analysis of the complex of MV H and marmoset SLAM V unexpectedly 
showed two different potentially tetramic configurations, form I and form II [56]. Residue 
N53 is located at the interface only in form II. Its replacement mutant changing to Q53 
showed a reduction in molecular masses, meaning the loss of glycosylation, and an 
unexpected increase in MV entry into human cells. The reason for this is not fully 
understood. However, because only primate and manatee SLAMs possess residue N53, it 
may also be involved in host–virus specificity. 
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4. Risk assessment of morbillivirus infection based on SLAM interface 
structures  

Human beings have a long history of diseases caused by morbilliviruses, which introduced 
devastating contagious diseases to humans and domestic animals. Since Jenner’s seminal 
discovery of the concept of immunity and vaccines, vaccines against various pathogens have 
been developed. By virtue of that great endeavor, an effective vaccine against measles is 
now available [79,80]. It has reduced measles deaths worldwide by 74% between 2000 and 
2010 (from 535,300 to 139,300), although measles is still a threat for children in developing 
countries [81]. Rinderpest induced by RPV, one of the oldest recorded livestock plagues, has 
been actually eradicated by the success of the Global Rinderpest Eradication Programme 
[82-84]. Thus, numerous efforts at eradication have achieved the control of human and 
domesticated animal diseases. Similar control of morbillivirus infections in wild animals 
will be one of the most important issues in the field of veterinary medicine in the 21st 
century. Marine mammals have large geographical ranges in the oceans. For example, 
baleen whales are known to migrate seasonally from the equator to the polar seas, 
indicating that they may be a dynamic vector for infectious diseases. In addition, recent 
global climate change may alter the ecology of marine mammals, such as their habitats, 
migration patterns, food, and behavior, and may increase opportunities for contact among 
previously geographically separate mammalian populations. These alterations may increase 
the possibility of viral transmission and the likelihood of outbreaks in susceptible 
mammalian populations.  

In viral infection, disease incidence, and transmission, several factors in host cells play a key 
role. In addition, ecological factors such as animal distribution, population structure and 
size, and behavior are decisive factors in actual infection. In the present study, we used a 
new approach to assess the potential infectivity of morbilliviruses based on receptor 
structure predictions. The residues on the interface of the SLAM V domain probably 
contribute to virus binding, and some residues among them are key for host–virus 
specificities. The analysis of these residues on 3D models of the SLAM receptor is useful for 
estimating the risk of morbillivirus infection in wild animals. This approach is applicable to 
animals for which no information on infection and disease. For the animals, it is possible to 
predict potential infection with known morbilliviruses. This may reveal possible infection 
spectra of morbilliviruses and suggest which mammals are reservoirs that maintain the 
viruses and how these viruses spread among wild mammals in nature.  

Control of infectious diseases in wild animals is very difficult. However, even though we 
cannot stop outbreaks from occurring in nature, information on the potential sensitivity of 
wild mammals against a virus may minimize the damage or prevent the spread of disease 
by such means as artificial transportation. Because marine mammals are positioned at the 
top of oceanic food chain, a decrease in marine mammal populations will affect marine 
ecosystems. We believe that the present study contributes to the conservation of marine 
mammals and their ecosystems. 
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5. Conclusion  

Morbillivirus, a member of the family Paramyxoviridae, is a causative agent of mass 
mortalities of marine mammals. To date, four virus species, MV, RPV, PPRV, and CDV have 
been identified in land mammals, and two virus species, PDV and CMV, have been 
identified in seals and cetaceans, respectively [4,47]. The notable biological feature of 
morbillivirus is its high level of host specificity. The cellular receptor for a virus is a major 
determinant of its host specificity and tissue tropism. SLAM is the principal cellular receptor 
for morbilliviruses allowing entry and propagation [18,19]. SLAM contains two 
immunoglobulin-like domains, the V and C2 domains, in the extracellular region. The 
morbillivirus H protein binds to the V domain on the target cells, which triggers viral 
infection [53] To assess the host–virus specificity of morbillivirus in marine mammals, we 
determined the complete nucleotide sequences of SLAM from five species belonging to 
cetaceans, pinippeds, and sirenians, and generated 3D homology models. The results 
showed that the overall structures are similar in the mammals examined. We found 32 
amino acid residues on the interface of SLAM V domain that are potentially involved in the 
interaction with viruses. Among them, a set of 18 amino acid residues is important for 
morbillivirus binding because some residues in the set differ among the mammal groups, 
which are susceptible to different morbillivirus species. A change in some residues in the set 
may cause an electrostatic change on the interface surface. These amino acid residues are 
thought to be important for host–virus specificity. 

Analysis of these residues on the interfaces of SLAMs will be useful to assess the risk of 
morbillivirus infection in wild animals. Recent climate change may increase the 
opportunities for new contacts among wild mammals and for the transmission of viruses. In 
the present study, we propose a new approach to assess the viral sensitivities of wild 
mammals by analyzing the host receptors. This approach will contribute to the conservation 
of wildlife including marine mammals and ecosystems. 
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1. Introduction 

The 16th century maritime Atlantic journeys were one of the most ground breaking and 
prolific sources of scientific knowledge in nautical cartography, geography and 
ethnography, and also in the natural sciences [1]. The European pioneering exploration of 
Africa and Brazil resulted in writer and naturalist records of the new, exotic and useful, 
originating natural history studies in Europe based on observations in zoology, botany and 
tropical medicine [2]. Since then, explorers, travellers and traders have brought animals and 
natural objects to Europe. Previously, however, coastal inhabitants all over the world used 
near shore habitats and resources, altering marine ecosystems and their dynamics [3].  

The marine environmental history refers to the mutual interactions between humans and 
the marine natural world [4], ambitioning to understand how humans have integrated the 
sea into their living style through the changes brought by time [5]. The environmental 
historical approach offers a multidisciplinary and long term research approach to 
anthropogenic interactions with marine life, albeit being largely incomplete when compared 
to its terrestrial counterparts [3]. Most of the available literature pertains to the study of 
invertebrates [6] and fish [7, 8], while historical research on the presence of cetaceans over 
time remains largely incomplete, particularly for the Northeast Atlantic [9]. Marine 
mammals are very useful tools to evaluate marine environmental changes as they are easily 
identified in historiography (particularly in letters, journey diaries, natural history treaties), 
making it possible to relate their presence records with their environmental conditions [10]. 
Marine mammals are of relatively large proportions that require surface visits to breathe, 
features that enhanced the awareness and interest in different human cultures around the 
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world. Marine mammals were historically targets of hunting with economic purposes. 
During the 16th and 17th centuries, tortoiseshell, shark teeth, marine mammals’ blubber and 
baleen, seal skin, ambergris [11], narwhal tusks, pearls and coral [12], and a host of other 
products were trade commodities of considerable value. Some exotic marine animals and 
products, especially if they were rare and difficult to catch and possess, were of particular 
interest and priceless to European royalty, scientists, and collectors. This was because of 
their perceived economical and spiritual values, but also due to their applications with 
mundane (medicine, food, condiments, aphrodisiacs), symbolic, talismanic or superstitious 
purposes. [13]. The transaction process, the local natural ecosystems on which they acted 
and perceptions towards the marine environment changed [3] [5]. Remains of seals, whales 
and dolphins are currently found at museums, universities, and even private collections [2]. 

The present work contemplates a large timeframe from early modern to modern times and 
is based on Portuguese sources. Aspects of marine environmental history will be addressed 
engaging with elements from the history of science and framing Portuguese maritime 
history within an Atlantic history. Atlantic history is an analytic construction and a specific 
category of historical analysis that helps to organize the study of the emergence of this ocean 
basin as a site for several and distinct forms of commercial exchange [14]. In order to 
approach the Atlantic history, a novel approach was chosen in this work, based on the 
exploitation patterns, trading features and scientific knowledge of Atlantic marine mammals 
collected in various sources over the years, all aspects still to be covered. Seals and whales 
are historically linked to local communities that exploited their body parts. This commerce 
was affected by changing markets, evolving technologies, scientific studies, regulations 
regarding access, and contradictory opinions regarding sustainability. Records on this 
commerce represent a valuable source of information about the characteristics and 
fluctuations of the exploitation market and indirectly about the condition of its inherent 
marine environment. Studies on whaling must include historical and an economics insight 
so as to provide a comprehensive interpretation of the natural resources shifts. By 
historically approaching marine mammals as a case study has a great potential to enhance 
our understanding of the interactions between the human culture and nature in the early 
modern and modern world.  

2. Integrating natural and social sciences sources 

Environmental history is an interdisciplinary field of History that receives inputs from 
different areas of human, social and natural sciences. Reliable data on historical occurrences 
provides relevant information on how communities, populations and species have shifted 
over long timelines [15, 16] and allows establishing baseline datasets [17]. Of paramount 
importance and more precisely, historical accounts on marine mammals may be extremely 
useful to add new data to their occurrence and distribution in poorly studied regions [17], 
and to compare past information with recent data [18]. The historical relationships between 
humans and marine mammals, such as sealing, whaling, use and trade of goods, strandings 
and naturalist sightings, have been regularly  documented throughout time though various 
sources. However, for some regions such as for the Atlantic Ocean, data is still sparse and 
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requires collection of the various sources and subsequent interpretation. There are several 
advantages in using historical data to extract biological information. Usually, in a historical 
source it is possible to find abundant and novel information on unspoiled populations, and 
on species (or groups) occurrence and distribution. This information can then be used as an 
indicator of past biodiversity, enabling the study of baseline levels and changes in cetaceans’ 
presence and importance, as well as making the connection of biology with history, 
economics and culture. 

In the present work, inter-cultural trade of exotic marine animals has a well-documented 
history that changed dramatically with the European Overseas Expansion. From the 16th 
century onwards many animals were brought to Europe mainly by the Portuguese, starting 
a new period in natural history [2]. The Portuguese reports correspond mainly to 
descriptions based on empirical knowledge accumulated in successive maritime routes, 
where the occurrence of species or animal groups was recorded. Navigators associated the 
presence of frequent animal to specific location so as to estimate their position.   

 
Figure 1. Representation of whaling in Portuguese shores and the encounter of Portuguese navigators 
with sea wolves upon arrival at the island of Madeira. This image represents a clear manifestation of the 
16th century Portuguese intention of domination over the seas and everything found in it, including all 
marine animals with economic value. It corresponds to a fresco from 2000 in the ceiling of the Church of 
Ponta Delgada, Madeira, representing all air, land and sea animals, with symbols related to the 
Portuguese Atlantic Discoveries. Photographed in 2009 by the author. 
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Portuguese sources for the 16th and 17th centuries Atlantic in the form of letters, chronicles, 
and scientific treaties, as well as illustrated broadsheets, leaflets, maps, images, paintings, 
objects and products were compiled and reviewed here (see Figure 1). The present research 
includes historical sources and accounts from the period between late 15th century and early 
19th century, and will present two distinct case-studies for the Atlantic Ocean: (1) first 
encounter and posterior hunting of monk seals in the Atlantic; and (2) medieval and early 
modern whaling in the Iberian Peninsula and shifting of this activity to the Atlantic. 

3. The Mediterranean monk seals in the Atlantic 

The Mediterranean monk seal (Monachus monachus) is distributed across different countries 
but is also currently the most endangered pinniped, largely due to its small and isolated 
populations. The monk seal current distribution is severely contracted and fragmented due 
to Human pressures, however historic records indicate that it inhabited the entire 
Mediterranean Basin and the south-eastern North Atlantic, from the Azores islands to near 
the equator. In Portuguese territory, the Mediterranean monk seal persists to present days 
and was historically present both in the Azores and Madeira archipelagos, which was only 
very recently recognized [19]. The seal species displays a high site-fidelity, tends to occupy 
only a restricted part of the suitable habitat and, presently in the Atlantic, it can only be 
found in colonial aggregations [20, 21]. Similarly to the other two monk seal species, the 
living Hawaiian monk seal, M. schauinslandi and the extinct Caribbean monk seal M. 
tropicalis, the Mediterranean monk seal has been greatly impacted by human activities and 
has been exploited since ancient times. These seals have been hunted in the Mediterranean 
Sea for their oil and furs as early as since the classical Greek period [22, 23]. 

In the Atlantic, early captures began as soon as they were discovered by the Portuguese in 
the newly found Atlantic islands and in the then recently explored West African coast. 
Around 1420, new fauna and flora found during the maritime journeys were typically seen 
with scepticism and surprise, even though occasionally some animals appeared familiar to 
what was known in Europe [24] and their presence was normally recorded in explorer 
diaries.  

The first new marine animal the Portuguese came across with was the Mediterranean monk 
seal, called sea wolf (‘lobo marinho‘), which was present in Madeira and in the West coast of 
Africa [26]. Early reports of monk seals show that, as for other sea animals, seals were 
interpreted as strange, monstrous and frightening beings [24]. In the case of sea wolves, 
however, shortly after acknowledging their docile characteristics, they started to be 
considered as an alternative and wealthy food source and resources. They were indeed the 
first product to be obtained and traded from the new Atlantic space to Europe [25]. 

When the first seals were recognized in Madeira in 1420, these animals were found in the 
form of a group of strange and calm animals with vocalizations very similar to those of 
wolves. Considering the medieval spirit, it is likely that men believed that all terrestrial 
animals had their equivalent on the ocean, and as such they named the seals sea wolves. 
Despite the initial surprise of finding such sea creatures, the subsequent encounters 
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triggered a continuous period of intense captures [26]. Despite more than a century of 
continuous exploitation since the first capture, these animals are still present in the Madeira 
island by 1580 to 1590 [25]. Even though the number of sea wolves in the Azores was 
smaller than in Madeira in 1420, there are several reports and descriptions also testifying 
their historical presence in that archipelago during the 15th century [26, 27]. For example in 
the São Miguel (Azores) island: ‘While fishing here with some fishermen from Ponta Delgada city, 
who ate every night at shore or better on the stone or over the sandbank, a big sea wolf appeared which 
looked like a calf. He leaned against the rocks and they gave him lots of fish bones of what the 
fishermen were eating. … and sometimes the fishermen, who have seen this sea wolf, also known as 
white mesh because he brought a piece of mesh behind his ear’ [27].  

Portuguese navigators found once again sea wolves on the West African coast, in the 15th 
century, where they were also very easily captured [25, 28]. These quiet animals were 
encountered in large groups and the following account from 1436 is most probably the first 
description for this species on the Atlantic coasts: ‘… he saw at the brook entrance a big crowd of 
sea wolves (according to some they were up to five thousand), he killed as many as he could and took 
their entire hide to the ship. It was a great slaughter … and this happened in the year of 1436’. The 
abundance and economic value of sea wolves justified the risks and the delays in exploiting 
these animals in the Rio do Ouro’s coast [28].  

The discovery of the multiple usages of their oil, fur and meat made the sea wolves very 
economically important.  Their hides, after tanning, were used to manufacture clothes and 
shoes, and their fat was mostly used to manufacture soaps. In many soap-works, the 
quantities of fat were so high that it surpassed the quantity of olive oil used in this kind of 
product, being their oil frequently used [25, 28]. Machado [25] refers in his work that 
according to a list of imported products, sea wolves’ hides were also quite solicited in 
European markets. The commercial value of sea wolves’ products was extremely high [27]: 
‘As before, in Rio do Ouro, the Moors gave sea wolves’ hides to Gomes Pires and promised him that 
they were going to search for gold and slaves if he came back there’. Sea wolves were in fact a 
target of commercial marine exploiters, looking to obtain and trade their hides and oil. 

To understand historical trends of presence and abundance, as well as the chronology of 
decline of sea wolves, we can estimate numbers for Madeira’s population prior to the 
Portuguese exploitation of these resources judging by the capture levels and declining 
reports. This was achieved considering from published bibliography the historical known 
size of Africa’s West coast population (population in Rio do Ouro was of five thousand 
individuals, according to the historical description by Zurara). In the present work, it was 
calculated that for Madeira in the early 15th century, i.e., prior to human arrival and 
exploitation, there was an estimated population size of almost 2000 monk seals. Sources and 
estimates show a historic baseline for the number of seals in both populations, prior to its 
exploitation, which allowed obtaining historical trends in a 580 years’ time span (Figure 2 
and 3). A chronology of decline was obtained reporting since the 15th century, and the trend 
of decline shows a reduction to half of its population during the first one hundred years and 
a smoother reduction over the last four centuries, until near extinction in present days. 
These events reflect heavy and intense exploitation of a marine resource preventing the 
natural recovery of the populations. 
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After the first encounter with sea wolves in Rio do Ouro in 1436, at least six trips were made 
to the African coast until 1447, with the exclusive purpose of capturing sea wolves. 
According to the chronicles, only one ship returned to the kingdom with no cargo [28]. The 
commercial value of sea wolves’ products was extremely high and, at least in the Azores 
and Madeira, these resulted in a severe reduction in the population size. In the Azores, 
where probably only a small population lived, sea wolves were rapidly exterminated. In 
Madeira and for Rio do Ouro early takes resulted in a severe depletion during the subsequent 
couple of decades after the first encounter, which continued declining over the centuries, 
even though more smoothly [25,26, 28]. 

 In certain cases, comparing abundance of animals from historical reports with present day 
animals could be considered by some as conjectural. For instance, historical descriptions of 
Madeira are very clear and are supported by their presence nowadays. However, for the 
Azores, there was no proof of sea wolves presence in the islands for a very long time. 
However, Azorean historical descriptions are quite similar to descriptions for Madeira, in 
terms of time and historical context, and there are clear resemblances in the morphological 
characteristics and behaviours described. We know very little about the sea wolves’ life in 
the Azores in the past five hundred years and, as other authors have referred, this probably 
very small population (or vagrant individuals) did not survive due to the intense human 
exploitation in the 15th century [19, 29].  

According to estimates for Rio do Ouro in 1550, the abundance of seals was likely to be 
considerable, allowing for a strong exploitation activity, however, there are no historical 
accounts reporting this activity. Although based on theoretical evidence, calculations of 
captures and boat capacity suggest that the reported abrupt decline in seals population 
between 1420 and 1450 was due to intense hunting. Since then, numbers are likely to have 
oscillated relating to hunting peaks from foreign ships or even from local people. Natural 
growth cannot overcome intense and continuous capture events and natural populations 
decrease severely under an anthropogenic predatory pressure. Typically, a species or 
population that endures a drastic event of overexploitation follows a path to extinction if no 
conservative measures are taken. Historical sources show that, following the discovery and 
commercial exploitation of the large West African sea wolf herds in the 15th century, monk 
seal colonies remained relatively undisturbed until the twentieth century. At the end of the 
20th century, the largest population of the species lived in West Africa. The mean numbers, 
in the period 1993–97, were estimated to be 317 individuals and the population was thought 
to be stationary or changing at a very slow rate [29, 30].  

All the documental sources comprised in the present work, led to the conclusion that sea 
wolves were abundant in Portugal and in the West African coast, from Rio do Ouro to Cape 
Blanco, and that the African coast was visited by the Portuguese navigators with the 
intentional purpose of exploiting its natural resources. It’s also clear that sea wolves had an 
enormous commercial importance, and because of that were repeatedly and intensively 
captured [25, 28].  

At the end of the 20th century, two major events regarding Portuguese and African monk 
seal colonies occurred. In West Africa, in the spring of 1997, a severe mass mortality reduced  
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Figure 2. Map indicating the Mediterranean monk seal presence in some Atlantic locations in the 15th  
century and number of possibly pristine populations (known for the West African coast and the Azores, 
from historical sources, and estimated for Madeira).  
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Figure 3. Graphic representation of early modern populations, from the beginning of the 15th  century, 
in the West coast of Africa, Madeira and Azores and their probable decline over the centuries. Image 
credits of Mediterranean monk seal illustration: authorship and © by Fernando Correia 
(www.efecorreia-artstudio.com). 

their numbers by 70%, compromising the recovery of the species in the Atlantic. Scientists 
were unable to determine whether the deaths were due to a virus or toxic algae, however 
the mass mortality had a significant effect on total numbers for species' abundance. In 
Madeira, from a surviving population of just six to eight animals, at the end of the 20th 
century, monk seal numbers have increased to an estimated twenty-four individuals. This 
was due to a special conservation effort from the Portuguese government, beginning in May 
1990, which established a marine reserve and severe legislation protecting monk seals [31]. 

Presently, only these two breeding populations are known in the Atlantic, the one in Cape 
Blanc peninsula, with approximately 120 seals in a colonial structure, [32] and a smaller 
group in the Desertas Islands at the Madeira archipelago, with approximately 25 seals. 
Sightings are now rare in other areas within the historical range considered here, and only 
an immediate and significant reduction in anthropogenic pressures and range-wide 
coordinated actions will allow their survival [30, 32].  

4. Iberian whaling and transatlantic whales 

Whales have for long being of great interest for people. Whales figured in ancient legends 
and visual representations as terrifying sea monsters, and inspired poets and artists with 
their strange grace and immense size. Over the years, an entire whale mythology thrived, 
inspired by the mystery surrounding these creatures’ habits [33]. Whales have mainly been 
hunted throughout the centuries for their economically valuable oil, meat, bones and baleen. 
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Scientifically, the interest in the ecology of whales and their preservation are in fact 
relatively very recent. It was not until the 18th century that the whale was designated as a 
mammal rather than a fish, while cetology, as a scientific discipline and a branch of zoology, 
dates back only to the 1960s [33]. Historically, studies about whaling can be found since the 
early 20th century [e.g. 34] to the present day [e.g. 35].  

Next is given an overview of two different perspectives for the starting of a similar maritime 
activity in two relative similar regions and by the same period. One based on transfer of 
technology from Europe to Portuguese South America, based on already known hunting 
techniques, and the other based mainly on local native knowledge in English North 
American colonies. It will be possible to understand that it was the implementation of the 
Basque whaling technique that allowed the early establishment of a continued and lucrative 
industrial activity in Brazil, since the beginning of the 17th century, in opposition to what 
happened in North America. 

The Basques were the first western people to intentionally hunt large whales, establishing 
the characteristics of the industry for the following hundreds of years [36, 37]. The hunting 
procedure encompassed pursuits in small open boats and captures with hand harpoons and 
lances. This procedure began being used in 1050s and was used for many centuries [35, 38-
40]. In mainland Portugal, the first references to whales date back to the 12th century, in the 
form of local records related to stranding, scavenging of whale remains or whaling related 
activities [10, 41]. The Portuguese history of cetaceans and humans has been documented in 
reports, descriptions, tales, legal documents, laws and regulations and tithes.  

The Biscay right whale (Eubalaena glacialis) was the main targeted species in the Basque 
country [42], [37, 43]. Initially, The Basques expanded their whaling captures locally and 
regionally from the shores of the Bay of Biscay, to the south of France and north of Spain 
[36]. As shown by Aguilar [40], Basque historical sources indicate that whaling started in the 
Basque French country and continued south and west over the years, through a transfer 
process of information and technology. Basque navigators had shown the way on whaling 
enterprises and, for a long time, Basque whalers and pilots were employed on many ships, 
transmitting the experience gained during their activity [37].  Later, the Basques established 
permanent or semi-permanent shore stations for whale processing across the Atlantic 
Ocean, encompassing also the provinces of Santander, Asturias and Galicia  [37, 40, 42, 44, 
45].   For Basque whaling in European shores, many of the sources specify black whales as 
the target species. This is consistent with knowledge about the distribution and migration 
patterns of North Atlantic right whales, in medieval Basque times and early modern 
whaling. By the 16th century Basque whalers were regularly migrating and conducting 
expeditions to northern European seas and across the Atlantic to North America [46, 47]. 
They depleted right whale and bowhead populations in the Strait of Belle Isle, between 
Labrador and Newfoundland, by killing tens of thousands of whales from 1530 to 1620. And 
later, between 1660 and 1701, they were hunting whales in the western Arctic, reducing 
stocks considerably and affecting the whales’ migratory patterns [3]. In later periods, 
especially after the 16th century, Dutch, British and other non-Basque entrepreneurs and 



 
New Approaches to the Study of Marine Mammals 214 

 
Figure 3. Graphic representation of early modern populations, from the beginning of the 15th  century, 
in the West coast of Africa, Madeira and Azores and their probable decline over the centuries. Image 
credits of Mediterranean monk seal illustration: authorship and © by Fernando Correia 
(www.efecorreia-artstudio.com). 

their numbers by 70%, compromising the recovery of the species in the Atlantic. Scientists 
were unable to determine whether the deaths were due to a virus or toxic algae, however 
the mass mortality had a significant effect on total numbers for species' abundance. In 
Madeira, from a surviving population of just six to eight animals, at the end of the 20th 
century, monk seal numbers have increased to an estimated twenty-four individuals. This 
was due to a special conservation effort from the Portuguese government, beginning in May 
1990, which established a marine reserve and severe legislation protecting monk seals [31]. 

Presently, only these two breeding populations are known in the Atlantic, the one in Cape 
Blanc peninsula, with approximately 120 seals in a colonial structure, [32] and a smaller 
group in the Desertas Islands at the Madeira archipelago, with approximately 25 seals. 
Sightings are now rare in other areas within the historical range considered here, and only 
an immediate and significant reduction in anthropogenic pressures and range-wide 
coordinated actions will allow their survival [30, 32].  

4. Iberian whaling and transatlantic whales 

Whales have for long being of great interest for people. Whales figured in ancient legends 
and visual representations as terrifying sea monsters, and inspired poets and artists with 
their strange grace and immense size. Over the years, an entire whale mythology thrived, 
inspired by the mystery surrounding these creatures’ habits [33]. Whales have mainly been 
hunted throughout the centuries for their economically valuable oil, meat, bones and baleen. 

Portuguese Sealing and Whaling Activities as Contributions 
to Understand Early Northeast Atlantic Environmental History of Marine Mammals 215 

Scientifically, the interest in the ecology of whales and their preservation are in fact 
relatively very recent. It was not until the 18th century that the whale was designated as a 
mammal rather than a fish, while cetology, as a scientific discipline and a branch of zoology, 
dates back only to the 1960s [33]. Historically, studies about whaling can be found since the 
early 20th century [e.g. 34] to the present day [e.g. 35].  

Next is given an overview of two different perspectives for the starting of a similar maritime 
activity in two relative similar regions and by the same period. One based on transfer of 
technology from Europe to Portuguese South America, based on already known hunting 
techniques, and the other based mainly on local native knowledge in English North 
American colonies. It will be possible to understand that it was the implementation of the 
Basque whaling technique that allowed the early establishment of a continued and lucrative 
industrial activity in Brazil, since the beginning of the 17th century, in opposition to what 
happened in North America. 

The Basques were the first western people to intentionally hunt large whales, establishing 
the characteristics of the industry for the following hundreds of years [36, 37]. The hunting 
procedure encompassed pursuits in small open boats and captures with hand harpoons and 
lances. This procedure began being used in 1050s and was used for many centuries [35, 38-
40]. In mainland Portugal, the first references to whales date back to the 12th century, in the 
form of local records related to stranding, scavenging of whale remains or whaling related 
activities [10, 41]. The Portuguese history of cetaceans and humans has been documented in 
reports, descriptions, tales, legal documents, laws and regulations and tithes.  

The Biscay right whale (Eubalaena glacialis) was the main targeted species in the Basque 
country [42], [37, 43]. Initially, The Basques expanded their whaling captures locally and 
regionally from the shores of the Bay of Biscay, to the south of France and north of Spain 
[36]. As shown by Aguilar [40], Basque historical sources indicate that whaling started in the 
Basque French country and continued south and west over the years, through a transfer 
process of information and technology. Basque navigators had shown the way on whaling 
enterprises and, for a long time, Basque whalers and pilots were employed on many ships, 
transmitting the experience gained during their activity [37].  Later, the Basques established 
permanent or semi-permanent shore stations for whale processing across the Atlantic 
Ocean, encompassing also the provinces of Santander, Asturias and Galicia  [37, 40, 42, 44, 
45].   For Basque whaling in European shores, many of the sources specify black whales as 
the target species. This is consistent with knowledge about the distribution and migration 
patterns of North Atlantic right whales, in medieval Basque times and early modern 
whaling. By the 16th century Basque whalers were regularly migrating and conducting 
expeditions to northern European seas and across the Atlantic to North America [46, 47]. 
They depleted right whale and bowhead populations in the Strait of Belle Isle, between 
Labrador and Newfoundland, by killing tens of thousands of whales from 1530 to 1620. And 
later, between 1660 and 1701, they were hunting whales in the western Arctic, reducing 
stocks considerably and affecting the whales’ migratory patterns [3]. In later periods, 
especially after the 16th century, Dutch, British and other non-Basque entrepreneurs and 



 
New Approaches to the Study of Marine Mammals 216 

whalers were also involved in the whaling trade from European ports and their overseas 
territories [for a review see 46 and 47]. 

The whaling activity was much more reduced in mainland Portugal. In the 20th century, 
there were two periods when short-lived enterprises operated whaling stations and used 
modern, Norwegian-type, whaling technology [48]. Also for the 20th century, besides the 
important presence of land based whaling in the archipelagos of Madeira and Azores 
(Figure 4) no other significant whaling episodes were historically recognized for Portugal. In  
previous works by the author [41, 48] a total of 38 historical sources recovered date from the 
13th century, suggesting that Portuguese whaling began earlier than in the previously 
thought 20th century. There was a peak of whale-related events in the 13th and 14th centuries, 
contemporary to those found for the French and Spanish Basque countries, suggesting 
whaling started approximately at the same time in the both North and South Europe. Hence, 
it is now considered that whaling was not introduced in Portugal by the Basques, who 
instead spread westward from the French Labourd (11th century), via the Golf of Biscay, to 
Asturias, and southward to Galicia (14th century). The Portuguese whale captures is thus 
thought to have originated independently of Basque influence. The Portuguese sources do 
not clarify the species captured, numbers of whales taken, nor to the whaling technology 
used, but the activity was sufficiently well organized and developed to warrant the levying 
of tithes in the feudal system of 13th  century Portugal [41].  

In the 13th century, several whale products started to be utilized in Portuguese fishing 
villages [49]. The exploitation of large whales and small cetaceans in the near shore waters 
of mainland Portugal seems to have originated in the medieval times. However, a 
comprehensive study is still missing for Portugal shores. For instance, whaling and the 
presence of whales in the Basque shores has originated typical iconography and culture in 
that region over the centuries [36, 50]. Such historical pattern has not been observed in 
mainland Portugal and it is one important aspect to be considered in the future to 
understand on the species exploited and the intensity of this exploitation. During the 15th 
and 16th centuries, whaling expanded from the Portuguese shores, through the Atlantic 
Islands to overseas countries, particularly to Brazil. In Brazil and since the early 17th 
century, Portuguese settlers started a shore whaling business but a Basque crew was 
recruited for the first couple of seasons [51]. Since that time, and for two centuries, a 
structured shore based whaling enterprise developed in the coastal waters of Brazil, mainly 
devoted to the hunting of humpback whales during the calving season [51]. 

Hence, historical records allow to understand that Portugal together with the French and 
Spanish Basque Country were important whaling locations where a whale culture was 
developed and spread [41].  Portuguese whalers always conducted a land-based type of 
whaling while the Basques conducted a typical offshore whaling when moving into the 
Atlantic away from their Iberian shores (Figure 5).  

For the West North Atlantic, a certain type of native whaling was referred for the North 
America by the 16th century. Following the descriptions by Acosta [52], the natives seemed 
to capture near shore whales with sticks and ropes. Additionally to the native resource 
exploitation, John Smith seems to have been the first European trying to systematically 
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exploit this resource in North America [11]. He writes that the purpose of his 1614 New 
England journey was to hunt whales. This explorer, aware of the Basques expertise in whale 
hunting, asked in 1616 for permission to accompany their whaling expeditions to the North 
Sea, a goal he did not accomplish.  

Since that time, settlers have tried to exploit this potentially profitable resource, although no 
records exist on the procedures and techniques used. Probably they have conducted a rather 
simple and primitive method of whaling, as shore-based whaling was not yet developed in 
West North Atlantic. In the Bermudas, for instance, the first whaling season only occurred in 
1663, and only from that time onward did the operations intensified. Initially captures 
focused on the humpback whale (in 1700, 200 individuals captured), but as soon as these 
species became rare by the mid-18th century, captures were re-directed towards sperm 
whales [11]. Again, from the Bermudas example, it was only when the settlers from different 
European nationalities were permanently fixed in the overseas territories that it was 
possible to develop a whaling activity.  

The beginning of whaling in the overseas regions was mostly supported on Basque expertise 
[36]. The Basque whaling model using small open boats and hand harpoons is particularly 
relevant in a context of globalization of techniques and ways of handling captured animals, 
their remains and products. 

Hence, the historical information discussed here provides insight on the environmental history 
of whales and the importance of certain maritime extractive activities across the Atlantic. The 
interest on implementation of whaling overseas is indicative of the abundance and distribution 
of whales in those regions and of its value as local and global marine resources. 

 
Figure 4. Oil painting (private collection) by an anonymous author, dated from 1876, showing a scene 
of sperm whale hunting in the Azores, with the subtitle: “On the 30th of March of the year 1876, thanks to 
the Lord, this whale on my harpoon was struck”. Photographed in  2005 by Cristina Picanço. 
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Figure 5. Geographical migration of Basque and Portuguese early modern whaling through the 
Atlantic (map) and temporal migration (graph) showing the years of the beginning and end of the 
activity in each area. Data compiled from Aguilar (1986), Reeves & Smith (2006) and Brito (2011). 

5. A future glimpse into the environmental history of marine mammals 

Many centuries ago, the Atlantic experienced a (near) pristine situation regarding ocean 
environmental equilibrium. Levels of the populations of predators and prey were relatively 
stable and fluctuated naturally. Natural disasters happened with much more localized 
effects and the impacts of climatic shifts were gradual and predictable. Marine resources 
were historically exploited, however, until the advent of industrialization, rapid depletion 
and ecological tipping effects were hindered by lack of technological advances. Industrial 
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Revolution provided the combination of sudden increases in manpower accompanied by new 
tools and technology which caused overfishing, produced changes in the environment, and 
cause shifts in ecosystem services and global cycles. The impacts of anthropogenic actions 
have accelerated in the last decades and are ubiquitous, fast and intense, and exceed the ability 
of the natural world´s adaptation potential. However, the history of human interactions with 
marine environments remains largely unstudied. The marine environmental history is, now, a 
useful tool to understand the past ecological and cultural Human driven transformations in 
oceans worldwide at small and large spatial and temporal scales.  

Marine mammals (either whales, dolphins, and seals, or even manatees and dugongs) 
represent good case studies for the single-species approach to marine environmental history. 
The two case-studies presented in this chapter are an example of the valuable outcomes of an 
interdisciplinary analysis to recreate the environmental history of marine mammals. This 
history can then be used to frame present traditions as well as population levels of mammals.  

The future of marine environmental historians, dedicated to the study of marine mammals, 
will greatly benefit from focusing on the research of the relation of people with species, with 
special interest in specific economic and/or cultural isolated situations, such as African and 
Brazilian manatees, or cetaceans’ historical presence around oceanic islands. For instance, 
historically in some Atlantic cultures, cetaceans were considered “a different kind of fish”, 
as their recognisable natural behaviour and some morphological characteristics are distinct 
from fish [53]. Studies related to local perceptions changing over time can also provide 
inputs to the environmental history of marine mammals and contribute for the 
implementation of long-term and continuous scientific research, interactive environmental 
education plans and conservation measures. This type of research may include different 
kinds of historical sources, such as written, iconographic or material sources, and all types of 
accounts from the period since the late 15th century. European reports of Atlantic (or other 
oceanic basins) journeys contain information about natural elements and marine mega fauna 
and represent invaluable sources of research. For a later period (from late 19th century 
onwards), scientific articles, newspapers, illustrations, maps, non-published scientific 
reports and some other grey literature, such as unpublished thesis, may also be used. Good 
history begins with good sources [3], but good marine environmental history needs also to 
be framed into interdisciplinary boundaries. 
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have accelerated in the last decades and are ubiquitous, fast and intense, and exceed the ability 
of the natural world´s adaptation potential. However, the history of human interactions with 
marine environments remains largely unstudied. The marine environmental history is, now, a 
useful tool to understand the past ecological and cultural Human driven transformations in 
oceans worldwide at small and large spatial and temporal scales.  

Marine mammals (either whales, dolphins, and seals, or even manatees and dugongs) 
represent good case studies for the single-species approach to marine environmental history. 
The two case-studies presented in this chapter are an example of the valuable outcomes of an 
interdisciplinary analysis to recreate the environmental history of marine mammals. This 
history can then be used to frame present traditions as well as population levels of mammals.  

The future of marine environmental historians, dedicated to the study of marine mammals, 
will greatly benefit from focusing on the research of the relation of people with species, with 
special interest in specific economic and/or cultural isolated situations, such as African and 
Brazilian manatees, or cetaceans’ historical presence around oceanic islands. For instance, 
historically in some Atlantic cultures, cetaceans were considered “a different kind of fish”, 
as their recognisable natural behaviour and some morphological characteristics are distinct 
from fish [53]. Studies related to local perceptions changing over time can also provide 
inputs to the environmental history of marine mammals and contribute for the 
implementation of long-term and continuous scientific research, interactive environmental 
education plans and conservation measures. This type of research may include different 
kinds of historical sources, such as written, iconographic or material sources, and all types of 
accounts from the period since the late 15th century. European reports of Atlantic (or other 
oceanic basins) journeys contain information about natural elements and marine mega fauna 
and represent invaluable sources of research. For a later period (from late 19th century 
onwards), scientific articles, newspapers, illustrations, maps, non-published scientific 
reports and some other grey literature, such as unpublished thesis, may also be used. Good 
history begins with good sources [3], but good marine environmental history needs also to 
be framed into interdisciplinary boundaries. 
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1. Introduction 

Utilization of marine mammals in general and of whales in particular has varied greatly 
across historical periods and geographical locations. From prehistoric times (e.g., Stringer et 
al. 2008), the use of these animals was opportunistic by taking advantage of animals either 
beached (animals arrived dead on the coast) or stranded (animals arrived live on the coast). 
Later shore whaling (active whaling using small boats launched from the coast for a few 
hours) took place, and later came the development of industrial whaling, which engaged 
larger vessels embarked in whaling expeditions that might have lasted up to several years at 
a time. The heyday of industrial whaling took place during the mid-nineteenth century and 
was epitomized by Yankee whaling (Sanderson 1993). 

For the purposes of this chapter, I define Yankee whaling as an offshore fishery carried out 
by American whaling vessels between 1712 and 1925 (Starbuck 1876, p. 20; Hegarty 1959, p. 
47). The geographical area considered as Caribbean Basin for the purpose of this chapter is 
defined as all the coasts (clockwise) of Venezuela, northern Colombia, eastern Central 
America, the Yucatán Peninsula, and all of the coasts of the Antilles from Cuba down to 
Trinidad including the Bahamas and Bermuda. The Bahamas are commonly included as 
part of the Caribbean Basin from a geological and cultural viewpoint. Bermuda, although 
being geographically an oceanic island in the western North Atlantic, has cultural ties to 
many of the Caribbean Basin countries including being the springboard for numerous 
whaling operations in the region (Romero 2006).  

The aim of this chapter is to describe Yankee whaling in the Caribbean Basin in a historical 
context to understand its development, cultural, and ecological impact. 
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1. Introduction 

Utilization of marine mammals in general and of whales in particular has varied greatly 
across historical periods and geographical locations. From prehistoric times (e.g., Stringer et 
al. 2008), the use of these animals was opportunistic by taking advantage of animals either 
beached (animals arrived dead on the coast) or stranded (animals arrived live on the coast). 
Later shore whaling (active whaling using small boats launched from the coast for a few 
hours) took place, and later came the development of industrial whaling, which engaged 
larger vessels embarked in whaling expeditions that might have lasted up to several years at 
a time. The heyday of industrial whaling took place during the mid-nineteenth century and 
was epitomized by Yankee whaling (Sanderson 1993). 

For the purposes of this chapter, I define Yankee whaling as an offshore fishery carried out 
by American whaling vessels between 1712 and 1925 (Starbuck 1876, p. 20; Hegarty 1959, p. 
47). The geographical area considered as Caribbean Basin for the purpose of this chapter is 
defined as all the coasts (clockwise) of Venezuela, northern Colombia, eastern Central 
America, the Yucatán Peninsula, and all of the coasts of the Antilles from Cuba down to 
Trinidad including the Bahamas and Bermuda. The Bahamas are commonly included as 
part of the Caribbean Basin from a geological and cultural viewpoint. Bermuda, although 
being geographically an oceanic island in the western North Atlantic, has cultural ties to 
many of the Caribbean Basin countries including being the springboard for numerous 
whaling operations in the region (Romero 2006).  

The aim of this chapter is to describe Yankee whaling in the Caribbean Basin in a historical 
context to understand its development, cultural, and ecological impact. 
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2. Methods 
As a general source of data on Yankee whaling expeditions I used Lund (2001). Of the 
known 14,864 voyages of Yankee whalers there were at least 1101 voyages to the North 
Atlantic of which 454 were voyages to the Caribbean Basin (including Bermuda). Many of 
those voyages included whaling operations in more than one location in the Caribbean. All 
information about those voyages was tabulated by vessel name, year of departure, and 
locality visited. Many of the logbooks of the vessels involved in this activity were examined 
at the New Bedford Whaling Museum, the Free Public Library, New Bedford, and the 
Providence Public Library. Other information of this activity for this area was compiled 
from numerous sources cited throughout this chapter. 

3. Quantitative results 

The places visited by Yankee whalers and the numbers of visits per locality are shown in 
Figure 1. Barbados and Bermuda are the places most visited by Yankee whaling vessels. 

 
Figure 1. Places visited by Yankee whalers and their frequency. 

The frequency with which that activity took place is shown in Figure 2. To that figure other 
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social circumstances that might have influenced whaling in that geographic area. This 
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4. Historical narrative of marine mammal exploitation in the Caribbean 
Basin 
Native Americans exploited cetaceans and other marine mammals in the Caribbean Basin 
since before the arrival of the Europeans (Acosta 1590, Romero et al. 1997, Romero and 
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Hayford 2000, Romero et al. 2002). The first whaling operations in this area, as defined 
earlier by Europeans or people of European descent, were in Bermuda. As soon the first 
English colonists arrived in those islands in 1609 they tried to hunt humpback whales 
(Megaptera novaeangliae) but it was not until 1663 when the first successful attempt took 
place in those waters (Romero 2006).  

The earliest record of an attempt to whale in the Caribbean Basin area by New Englanders 
was in 1688 when there was a petition to the Governor of New York asking for permission 
to carry on “a fishing Design about the Bohames Islands and Cap florida for sperma Coeti 
whales and Racks: And so to returned for this Port” (Starbuck 1876, p. 15). The term 
“sperma Coeti” refers to the sperm whale (Physeter macrocephalus) and “Racks” was a 
spelling used in the seventeenth century for wrecks. Although there is no record that this 
expedition ever took place, this is an interesting record because it is dated 24 years before 
the first actual successful hunt of a sperm whale took place by New Englanders in 1712 near 
Nantucket (Hawes 1924, p. 57).  

The earliest known logbook that refers to a successful Yankee whaling expedition to the 
Caribbean Basin is that of Two Brothers, from Nantucket, MA. This brig visited Barbados in 
1775 (logbook at the New Bedford Whaling Museum under the former collection of the 
Kendall Whaling Museum). The last one was of the schooner Athlete out of New Bedford 
that visited St. Thomas in 1921. Yet, there are indications that some Yankee whalers had 
been visiting the area for many years before that (Clark 1887, p. 64-65) (see Table 1).  
 

Year Locality Source(s)
1730’s Bahamas Sanderson 1993, pp. 212-213 
1750-1784 Bahamas Tower 1907, p. 33 
1762 “French West Indies” Starbuck 1876, p. 41 
1762 “Bermuda Ground” Stackpole 1953, p. 50, Lund 2001, p. 651 
1762 Barbados Stackpole 1953, p. 51 
1763 Barbados Stackpole 1953, p. 23 
1768 “West Indies” Stackpole 1953, p. 48-49 
1775 St. Eustatius, Barbados Stackpole 1953, p. 73 

Table 1. Sources of earlier visits of the Caribbean Basin by American whaleships. 

Although occasional expeditions also took place primarily between 1830 and 1860, the 
heyday of Yankee whaling in the Caribbean Basin occurred roughly between 1860 and 1880. 
Below is the narrative of how Yankee whaling interplayed with the majority of the countries 
visited. 

4.1. Barbados 

American whaling vessels frequently visited Barbados. This island has the largest number of 
visits registered in this study. Yankee whalers engaged in whaling and the trans-shipment 
of whale oil and utilized Barbadian ports for the re-stocking of provisions. Additionally, 
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at the New Bedford Whaling Museum, the Free Public Library, New Bedford, and the 
Providence Public Library. Other information of this activity for this area was compiled 
from numerous sources cited throughout this chapter. 
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Figure 1. Barbados and Bermuda are the places most visited by Yankee whaling vessels. 
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Hayford 2000, Romero et al. 2002). The first whaling operations in this area, as defined 
earlier by Europeans or people of European descent, were in Bermuda. As soon the first 
English colonists arrived in those islands in 1609 they tried to hunt humpback whales 
(Megaptera novaeangliae) but it was not until 1663 when the first successful attempt took 
place in those waters (Romero 2006).  

The earliest record of an attempt to whale in the Caribbean Basin area by New Englanders 
was in 1688 when there was a petition to the Governor of New York asking for permission 
to carry on “a fishing Design about the Bohames Islands and Cap florida for sperma Coeti 
whales and Racks: And so to returned for this Port” (Starbuck 1876, p. 15). The term 
“sperma Coeti” refers to the sperm whale (Physeter macrocephalus) and “Racks” was a 
spelling used in the seventeenth century for wrecks. Although there is no record that this 
expedition ever took place, this is an interesting record because it is dated 24 years before 
the first actual successful hunt of a sperm whale took place by New Englanders in 1712 near 
Nantucket (Hawes 1924, p. 57).  

The earliest known logbook that refers to a successful Yankee whaling expedition to the 
Caribbean Basin is that of Two Brothers, from Nantucket, MA. This brig visited Barbados in 
1775 (logbook at the New Bedford Whaling Museum under the former collection of the 
Kendall Whaling Museum). The last one was of the schooner Athlete out of New Bedford 
that visited St. Thomas in 1921. Yet, there are indications that some Yankee whalers had 
been visiting the area for many years before that (Clark 1887, p. 64-65) (see Table 1).  
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1730’s Bahamas Sanderson 1993, pp. 212-213 
1750-1784 Bahamas Tower 1907, p. 33 
1762 “French West Indies” Starbuck 1876, p. 41 
1762 “Bermuda Ground” Stackpole 1953, p. 50, Lund 2001, p. 651 
1762 Barbados Stackpole 1953, p. 51 
1763 Barbados Stackpole 1953, p. 23 
1768 “West Indies” Stackpole 1953, p. 48-49 
1775 St. Eustatius, Barbados Stackpole 1953, p. 73 

Table 1. Sources of earlier visits of the Caribbean Basin by American whaleships. 

Although occasional expeditions also took place primarily between 1830 and 1860, the 
heyday of Yankee whaling in the Caribbean Basin occurred roughly between 1860 and 1880. 
Below is the narrative of how Yankee whaling interplayed with the majority of the countries 
visited. 

4.1. Barbados 

American whaling vessels frequently visited Barbados. This island has the largest number of 
visits registered in this study. Yankee whalers engaged in whaling and the trans-shipment 
of whale oil and utilized Barbadian ports for the re-stocking of provisions. Additionally, 
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some Yankee whaling vessels were taken there after being captured by British vessels 
during the British-American War (1812-1815); others were simply abandoned there. This 
provided ample opportunity for Barbadians to have direct contact with whalers and to 
acquire whaling skills. For example, an unspecified number of locals joined Yankee whaling 
vessel crews in order to fulfill the need for hands on board because of death and desertion. 
Since Yankee whalers recruited many Barbadians, they gained the necessary skills to hunt 
whales they later applied to shore whaling after returning to Barbados. The combination of 
Yankee and shore whaling led to the local extinction of humpback whales in those waters 
(Romero and Creswell 2010 and references therein). 

4.2. Bermuda  

There are very few traces of intense contact between Bermudans and Yankee whalers. That 
was due to a combination of factors:  (1) Bermuda was a stronghold of the British during the 
Revolutionary War, which made its waters off-limits to New Englanders; (2) during the 
British-American war of 1812, the English utilized Bermuda as a major base for their naval 
operations and any American vessel in those waters (whaler or otherwise) was captured and 
taken there; (3) during the American Civil War Bermudans who had historical ties with the 
South, particularly Virginia and the Carolinas, sided with the confederates, making of 
Bermudan waters hostile territory to Yankee whalers and (4) by the time of the heyday of 
Yankee whaling the local populations of humpbacks were already severely depleted since 
shore whaling began around 1663 in those waters. 

Thus, despite the overall large number of Yankee whalers visiting Bermuda, it seems that 
those visits were more a matter of convenience for obtaining provisions for ships either 
heading to the Eastern Atlantic grounds or heading south to the Caribbean. My survey of 
archival material in Bermuda yielded no information about relationships between Yankee 
whalers and the locals (Romero 2009). 

4.3. Trinidad and Tobago 

Activities by Yankee whaling ships for Trinidad and Tobago have been summarized 
elsewhere (Romero et al. 2002). All indications are that there was never much interaction 
between Yankee and land-based whalers. Yankee whaling in the area did not start until the 
1830s, when their Trinidadian counterparts were already fully engaged in whale hunting. If 
anything, Yankee whaling may have furthered the whale population decline since 
humpbacks are virtually extinct in that area at the present time. 

4.4. St. Vincent and the Grenadines (SVG) 

Yankee whalers began whaling in the waters of SVG in the early 1800’s and their activity 
peaked in 1864. They hunted humpback, sperm, and short-finned pilot whales 
(Globicephala macrorhynchus). Both pilot and humpback whales were chosen as target 
species because of the seemingly abundant populations and the products that can be 
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extracted from them. Humpback whales produce a high volume of oil (approximately 25 
barrels per adult animal), whereas pilot whales produce two types of oils: one from the 
blubber and one from the melon (a bulbous area located on the head of the animal). Oil 
from the latter is of high quality as characterized by its ability to retain stable 
physical/chemical properties under conditions of extreme temperature and pressure. This 
oil was used to lubricate precision instruments and was exported to the United States. In 
addition, local residents utilized the oil from both species as well as other body parts for 
either human consumption of the meat or for the manufacturing of some goods. Sperm 
whale hunting did not persist because the demand for its oil declined and the meat was 
considered inedible. In addition, local fishermen found that sperm whales were difficult 
and dangerous to catch.  

From archival records there were 25 were voyages to SVG for whaling, that took place 
between 1864 and 1886. In the 10 logbooks I examined 196 entries (daily records kept by the 
captain or designated crew member) regarding whale hunting. These entries documented 
that Yankee whalers sighted whales and lowered their boats 117 times. Of those attempts, 
34.2% were successful at harpooning one or more humpback whales, but only 40 whales 
were landed. At least six of those landings were mother/calf pairs. Nine whales were hit but 
lost. With the addition kill/loss correction factor, Yankee whalers killed an estimated 75 
humpback whales between 1864 and 1871. 

The local residents adopted boat designs and equipment from Yankee whalers for shore 
whaling. In addition, terminology of the Yankee whalers such as ‘sea-guaps’ for sperm 
whales and ‘blackfish’ for short-finned pilot whales are names still used locally today. 
Cultural influence on SVG whalers by Yankee whalers can also be seen in the transfer of 
New England whaling shanties, or songs that helped the whalers keep rowing rhythm 
(Kannada 2006 and references therein). 

4.5. St. Lucia 

This island was occasionally visited by Yankee whalers and sometimes was used as a base 
for their whaling. These vessels mostly pursued humpbacks, but occasionally took some 
short-finned pilot whales (Reeves, 1988). The last report of Yankee whaling for St. Lucia is 
dated 1883 (Reeves and Smith, 2002). 

4.6. Grenada 

The presence of Yankee whalers was not uncommon in Grenadian waters during the second 
half of the nineteenth century. In the early months of 1857 as many as eight American 
whalers might have been seen anchored off St. George’s, Grenada’s capital, with their boats 
fully employed. Whaling ships primarily hunted humpbacks, but occasionally landed sperm 
whales, and a high percentage of their catch was cow-calf pairs. The ships provided whale 
meat to the local market of Grenada and the neighboring southern Grenadines (Romero and 
Hayford, 2000, and references therein).  
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provided ample opportunity for Barbadians to have direct contact with whalers and to 
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was due to a combination of factors:  (1) Bermuda was a stronghold of the British during the 
Revolutionary War, which made its waters off-limits to New Englanders; (2) during the 
British-American war of 1812, the English utilized Bermuda as a major base for their naval 
operations and any American vessel in those waters (whaler or otherwise) was captured and 
taken there; (3) during the American Civil War Bermudans who had historical ties with the 
South, particularly Virginia and the Carolinas, sided with the confederates, making of 
Bermudan waters hostile territory to Yankee whalers and (4) by the time of the heyday of 
Yankee whaling the local populations of humpbacks were already severely depleted since 
shore whaling began around 1663 in those waters. 

Thus, despite the overall large number of Yankee whalers visiting Bermuda, it seems that 
those visits were more a matter of convenience for obtaining provisions for ships either 
heading to the Eastern Atlantic grounds or heading south to the Caribbean. My survey of 
archival material in Bermuda yielded no information about relationships between Yankee 
whalers and the locals (Romero 2009). 

4.3. Trinidad and Tobago 

Activities by Yankee whaling ships for Trinidad and Tobago have been summarized 
elsewhere (Romero et al. 2002). All indications are that there was never much interaction 
between Yankee and land-based whalers. Yankee whaling in the area did not start until the 
1830s, when their Trinidadian counterparts were already fully engaged in whale hunting. If 
anything, Yankee whaling may have furthered the whale population decline since 
humpbacks are virtually extinct in that area at the present time. 

4.4. St. Vincent and the Grenadines (SVG) 

Yankee whalers began whaling in the waters of SVG in the early 1800’s and their activity 
peaked in 1864. They hunted humpback, sperm, and short-finned pilot whales 
(Globicephala macrorhynchus). Both pilot and humpback whales were chosen as target 
species because of the seemingly abundant populations and the products that can be 
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extracted from them. Humpback whales produce a high volume of oil (approximately 25 
barrels per adult animal), whereas pilot whales produce two types of oils: one from the 
blubber and one from the melon (a bulbous area located on the head of the animal). Oil 
from the latter is of high quality as characterized by its ability to retain stable 
physical/chemical properties under conditions of extreme temperature and pressure. This 
oil was used to lubricate precision instruments and was exported to the United States. In 
addition, local residents utilized the oil from both species as well as other body parts for 
either human consumption of the meat or for the manufacturing of some goods. Sperm 
whale hunting did not persist because the demand for its oil declined and the meat was 
considered inedible. In addition, local fishermen found that sperm whales were difficult 
and dangerous to catch.  

From archival records there were 25 were voyages to SVG for whaling, that took place 
between 1864 and 1886. In the 10 logbooks I examined 196 entries (daily records kept by the 
captain or designated crew member) regarding whale hunting. These entries documented 
that Yankee whalers sighted whales and lowered their boats 117 times. Of those attempts, 
34.2% were successful at harpooning one or more humpback whales, but only 40 whales 
were landed. At least six of those landings were mother/calf pairs. Nine whales were hit but 
lost. With the addition kill/loss correction factor, Yankee whalers killed an estimated 75 
humpback whales between 1864 and 1871. 

The local residents adopted boat designs and equipment from Yankee whalers for shore 
whaling. In addition, terminology of the Yankee whalers such as ‘sea-guaps’ for sperm 
whales and ‘blackfish’ for short-finned pilot whales are names still used locally today. 
Cultural influence on SVG whalers by Yankee whalers can also be seen in the transfer of 
New England whaling shanties, or songs that helped the whalers keep rowing rhythm 
(Kannada 2006 and references therein). 

4.5. St. Lucia 

This island was occasionally visited by Yankee whalers and sometimes was used as a base 
for their whaling. These vessels mostly pursued humpbacks, but occasionally took some 
short-finned pilot whales (Reeves, 1988). The last report of Yankee whaling for St. Lucia is 
dated 1883 (Reeves and Smith, 2002). 

4.6. Grenada 

The presence of Yankee whalers was not uncommon in Grenadian waters during the second 
half of the nineteenth century. In the early months of 1857 as many as eight American 
whalers might have been seen anchored off St. George’s, Grenada’s capital, with their boats 
fully employed. Whaling ships primarily hunted humpbacks, but occasionally landed sperm 
whales, and a high percentage of their catch was cow-calf pairs. The ships provided whale 
meat to the local market of Grenada and the neighboring southern Grenadines (Romero and 
Hayford, 2000, and references therein).  
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4.7. Venezuela 

Yankee whalers visited the area of the Gulf of Paria, between Venezuela and Trinidad, 
between 1837 and 1871 but may also have visited other localities and at other times. They 
predominantly hunted humpbacks, but occasionally they would strike a sperm whale or a 
‘blackfish,’ (G. macrorhynchus). Yankee whalers also visited other coastal areas in eastern 
Venezuela. Since data are incomplete, the only quantitative statement I can make, based on the 
summary provided by Reeves et al. (2001), is that Yankee whalers, captured at least 25 whales, 
during at least nine whaling voyages. There was very little, if any, interaction between the 
whaling crews and Venezuelans. Therefore, there is no evidence that they ever influenced any 
marine mammal exploitation practice in Venezuela. Further, the presence of Yankee whaling 
ships created some stir in the local press, because the locals saw this operation as a breach of 
their national sovereignty (Romero et al 1997 and references therein). 

5. Discussion 
Fig. 2 shows Yankee whaling activity based on tonnage (blue line), number of trips to the 
Caribbean Basin (red line), and the historical factors that contributed to the fluctuation in the 
intensity of Yankee whaling overall. The first noticeable aspect between Yankee whaling 
activities in general with that in the Caribbean Basin is the asynchrony between the two. 
While Yankee whaling intensity reached a peak between the U.S. industrial boom of the 
1830s and the industrial exploitation of mineral oil in the early 1860s, the expansion of the 
Yankee whaling activity in the Caribbean Basin took place between the mid 1860’s and the 
mid 1870s. Therefore we need to examine economic factors to understand this phenomenon. 

 
Figure 2. Total activity of Yankee whaling by tonnage (blue line) and by number of trips to the 
Caribbean basin (red line). There is an asynchrony between the two suggesting that the Yankee whaling 
activity in the West Indies was a marginal operation that took place after the traditional whaling 
grounds had been depleted. Arrows represent historical events to give a context to better understand 
how political and economic factors influenced these activities in general. 
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First we need to recognize that Yankee whalers shifted both whaling grounds and species 
targets as resourses became scarcer in different geographic areas. Romero and Kannada (2006), 
using historical catch records, report that populations of bowhead (Balaena mysticetus) and 
right whales (Eubalaena glacialis) in the North Atlantic became severely depleted by the 19th 
century. This depletion caused Yankee whalers to seek new hunting grounds in the Caribbean. 
Yet that happened shortly after substitute products such as kerosene and mineral oil became 
available in the market making. As a consequence the demand for whale oil declined as soon 
as subsurface mineral oil was discovered at Titusville, Pennsylvania, in 1859 (Coleman 1995). 
Although there was again an increase in the price of whale oil during the American Civil War 
(1861-1865) due to increased demand, whale oil prices declined severely after that.  

The Yankee whale oil industry responded by trying to lower their production costs that 
were becoming higher as their vessels had to navigate to more difficult grounds. To that end 
they tried to make their operations more efficient by improving whaling technology with 
the introduction of the exploding harpoon head in 1864 and by reducing labor costs by 
hiring more and more crews from countries in the Caribbean Basin, particularly English-
speaking ones. By this time, whalers were earning one-third to one-half of what merchant 
seamen earned and one-fifth of a shore laborer (Coleman 1995).  

Thus a combination of the depletion of whale stocks in the historical whaling grounds of the 
North Atlantic together with lower labor costs by hiring natives from the West Indies 
shifted Yankee whaling activities to the Caribbean basin (and later to Artic and Antarctic 
waters). As Brandt (1940, p. 54) put it “Slowly the crews had to be composed more and more 
of halfcastes from all parts of the West Indies and of Central and South America.”  

These circumstances increased interaction between Yankee whalers and West Indies locals, 
which led to both technology transfer to the countries they were recruiting crews and depletion 
of local populations of whales, particularly humpbacks. Yet, the cultural influence of Yankee 
whalers on that part of the world was uneven. The large number of voyages to Barbados and 
Bermuda may be due not only to the presence of whales in those waters, but also because (1) 
Barbados is the first island a ship traveling from the east Atlantic encounters when sailing with 
the aid of the trade winds and (2) Bermuda is the only island between the North American 
continent and other whaling grounds in the eastern Caribbean such and Cape Verde. 

Yet, by the time Yankee whalers initiated a significant activity in the Caribbean Basin, two 
localities –both under British sovereignty at that time: Bermuda and Trinidad and Tobago 
has already developed a local shore whaling industry: Bermuda in 1663 (Romero 2006) and 
Trinidad in the 1820’s (Romero et al., 2002). This contradicts the generalization made by 
Caldwell & Caldwell (1971) that Yankee whalers directly influenced shore whaling in the 
Caribbean.  

Yankee whaling activity in Trinidad and Tobago have been summarized elsewhere (Reeves 
et al., 2001, Reeves and Smith, 2002). All available data indicate that there was never much 
interaction between Yankee and the already established shore whaling industry of Trinidad. 
Yankee whaling in the area did not start until the 1830s, when Trinidadian shore whaling 
was already in full swing. In fact, the owners of one of the whaling stations in Trinidad 
asked the Governor of the Island to refuse authorization for the American Schooner 
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whaling crews and Venezuelans. Therefore, there is no evidence that they ever influenced any 
marine mammal exploitation practice in Venezuela. Further, the presence of Yankee whaling 
ships created some stir in the local press, because the locals saw this operation as a breach of 
their national sovereignty (Romero et al 1997 and references therein). 

5. Discussion 
Fig. 2 shows Yankee whaling activity based on tonnage (blue line), number of trips to the 
Caribbean Basin (red line), and the historical factors that contributed to the fluctuation in the 
intensity of Yankee whaling overall. The first noticeable aspect between Yankee whaling 
activities in general with that in the Caribbean Basin is the asynchrony between the two. 
While Yankee whaling intensity reached a peak between the U.S. industrial boom of the 
1830s and the industrial exploitation of mineral oil in the early 1860s, the expansion of the 
Yankee whaling activity in the Caribbean Basin took place between the mid 1860’s and the 
mid 1870s. Therefore we need to examine economic factors to understand this phenomenon. 
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First we need to recognize that Yankee whalers shifted both whaling grounds and species 
targets as resourses became scarcer in different geographic areas. Romero and Kannada (2006), 
using historical catch records, report that populations of bowhead (Balaena mysticetus) and 
right whales (Eubalaena glacialis) in the North Atlantic became severely depleted by the 19th 
century. This depletion caused Yankee whalers to seek new hunting grounds in the Caribbean. 
Yet that happened shortly after substitute products such as kerosene and mineral oil became 
available in the market making. As a consequence the demand for whale oil declined as soon 
as subsurface mineral oil was discovered at Titusville, Pennsylvania, in 1859 (Coleman 1995). 
Although there was again an increase in the price of whale oil during the American Civil War 
(1861-1865) due to increased demand, whale oil prices declined severely after that.  

The Yankee whale oil industry responded by trying to lower their production costs that 
were becoming higher as their vessels had to navigate to more difficult grounds. To that end 
they tried to make their operations more efficient by improving whaling technology with 
the introduction of the exploding harpoon head in 1864 and by reducing labor costs by 
hiring more and more crews from countries in the Caribbean Basin, particularly English-
speaking ones. By this time, whalers were earning one-third to one-half of what merchant 
seamen earned and one-fifth of a shore laborer (Coleman 1995).  

Thus a combination of the depletion of whale stocks in the historical whaling grounds of the 
North Atlantic together with lower labor costs by hiring natives from the West Indies 
shifted Yankee whaling activities to the Caribbean basin (and later to Artic and Antarctic 
waters). As Brandt (1940, p. 54) put it “Slowly the crews had to be composed more and more 
of halfcastes from all parts of the West Indies and of Central and South America.”  

These circumstances increased interaction between Yankee whalers and West Indies locals, 
which led to both technology transfer to the countries they were recruiting crews and depletion 
of local populations of whales, particularly humpbacks. Yet, the cultural influence of Yankee 
whalers on that part of the world was uneven. The large number of voyages to Barbados and 
Bermuda may be due not only to the presence of whales in those waters, but also because (1) 
Barbados is the first island a ship traveling from the east Atlantic encounters when sailing with 
the aid of the trade winds and (2) Bermuda is the only island between the North American 
continent and other whaling grounds in the eastern Caribbean such and Cape Verde. 

Yet, by the time Yankee whalers initiated a significant activity in the Caribbean Basin, two 
localities –both under British sovereignty at that time: Bermuda and Trinidad and Tobago 
has already developed a local shore whaling industry: Bermuda in 1663 (Romero 2006) and 
Trinidad in the 1820’s (Romero et al., 2002). This contradicts the generalization made by 
Caldwell & Caldwell (1971) that Yankee whalers directly influenced shore whaling in the 
Caribbean.  

Yankee whaling activity in Trinidad and Tobago have been summarized elsewhere (Reeves 
et al., 2001, Reeves and Smith, 2002). All available data indicate that there was never much 
interaction between Yankee and the already established shore whaling industry of Trinidad. 
Yankee whaling in the area did not start until the 1830s, when Trinidadian shore whaling 
was already in full swing. In fact, the owners of one of the whaling stations in Trinidad 
asked the Governor of the Island to refuse authorization for the American Schooner 
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Harmony, of Nantucket, to whale in the Gulf of Paria, for fear of competition (de Verteuil, 
1994). It is not known how the Governor decided in this matter. Still some Yankee whaling 
vessels continued occasionally visiting Trinidad’s waters until at least 1867. There are 
records of Yankee whaling ships visiting Tobago waters during 1877, although it is unclear 
whether or not they actually captured any whales (Reeves and Smith, 2002). 

Yet, in other places such as SVG, the story was different. Despite the fact that the number of 
voyages by Yankee whalers these and other surrounding islands was relatively low in 
comparison to those to Bermuda and Barbados, their cultural influence in undeniable. For 
example, a SVG resident named William Wallace took interest in whaling and participated 
as a crewmember on several Yankee whaling expeditions. He later left Bequia and moved to 
New Bedford, Massachusetts, the center of the Yankee whaling fleet. While in New Bedford, 
he learned whaleboat design, tool production and maintenance, and hunting methods. 
Upon returning to SVG, he applied this new knowledge and began whaling. Whaling 
represented an opportunity for economic development for men of European ancestry 
returning to an impoverished island. Thus, the development of the whaling industry in SVG 
was the result of cultural contacts rather than a direct correlation of intensity of Yankee 
whaling operations in those waters (Kannada 2006).  

The reason why Yankee whalers did not intensively exploit whales in SVG had to do with 
yield per unit of effort. The efficiency with which Yankee whalers caught whales in SVG 
was less than ideal: 38.5 % success rate (killing and hauling in). This was probably due to the 
limitations of the boats, which were rowboats, and the inaccuracy of hand-thrown harpoons. 
It seems that landing a humpback whale was a difficult task. These same limitations may 
have played a role in Yankee whaler’s choice not to hunt pilot whales unless times were 
desperate. In contrast to the large, slow moving, and obvious humpback whales; the short-
finned pilot whales are small and quick. Chasing after the smaller and faster pilot whales 
would have been extremely costly in terms of time and profit potential (Kannada 2006). 

Prior to the 1986 International Whaling Commission (IWC) moratorium on commercial 
whaling, SVG and the rest of the world for that matter, whaled without regard to depletion 
issues. Despite a negative correlation between global oil value and the number of humpback 
whales caught in SVG, it is unlikely that the global market drove the industry. SVG 
exported oil and meat of humpback whales to neighboring countries in only small 
quantities. It is more likely that the persistence of the humpback whale fishery in SVG was 
due to local tradition and local demand for whale products as there are no longer exports of 
these products outside the country. The SVG market followed the typical supply and 
demand curve in that as the amount of humpback whale oil became available, the less it cost 
which lead to a higher demand for the product. Since the late 1930’s, there has been little 
fluctuation in the number of humpback whales killed and that number has remained low 
(no more than 4 killed in any one year) (Kannada 2006).  

6. Conclusions 
The intensification of Yankee whaling in the Caribbean was due to a combination of factors 
such as (1) depletion of stock whales in traditional whaling grounds of the North Atlantic 
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and (2) higher costs of whaling which led to the search of lower labor costs by hiring crews 
in the West Indies, particularly given that wages for crews of merchant vessels and shore 
industries were higher.  

The discovery and development of a replacement commodity (mineral oil) together with the 
increase risks of investment on the whaling activity due to longer and longer voyages would 
ultimately signify the end of whale oil as a major commercial commodity.  

The bulk of Yankee whaling in the Caribbean Basin was short-lived and out of sync with the 
heyday of Yankee whaling. It concentrated in the southeastern Caribbean most likely 
because of the abundance of humpback whales in that area. The cultural influence of Yankee 
whalers varied by location mostly determined on whether or not their arrival took place 
before the development of local shore whaling. Therefore, a combination of factors, 
including whale stocks, political events, and labor and other economic and social issues 
influenced Yankee whaling activities in the Caribbean. 

Both Yankee whaling and local shore whaling led to the depletion of humpbacks in the 
Caribbean Basin as it has been quantified elsewhere (Swartz et al. 2003, Smith and Reeves 2003).  
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IN MEMORIAM 

 

Edward O. Keith 
16 October 1951 – 14 September 2012 

The co-editor of this book, Dr. Edward O. Keith, died shortly before it was published. He 
had been battling with cancer but his death came as a surprise to me because the last time 
we had spoken, Ed told me that he was recovering and that “everything is fine.” 

Ed was born in Berkeley, California. He obtained his bachelor’s degree in Wildlife Biology 
and his master’s degree in Physiology and Biophysics from Colorado State University in 
1975 and 1978, respectively. He went on to obtain his doctoral degree in Biology in 1984 
from the University of California at Santa Cruz, one of the prime academic institutions when 
it comes to marine mammals research. 

He moved to Miami, FL, in 1989, and held faculty positions at the University of Miami and 
Southeastern University of the Health Sciences, which became Nova Southeastern 
University. He was an associate professor at the Oceanographic Center of that institution by 
the time of his death. He taught numerous courses not only on marine mammalogy but also 
in biochemistry, physiology, and related subjects. 

He was known as a well-prepared, accessible teacher and received a Teacher of the Year 
Award for the 1994-1995 academic year. His research centered on pinnipeds and he was an 
active member of the Society for Marine Mammalogy, in which I shared duties with him in the 
Education Committee. He published numerous peer-reviewed papers in top journals and had 
multiple presentations at scientific conferences, many of them co-authored with his students. 
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I had known Ed for almost 20 years when we met at the University of Miami (my alma 
mater) where he was teaching a course on marine mammalogy. He invited me to give a 
guest lecture in his class and since then we became good friends asking each other to 
participate in our respective classes.  Ed was kind enough to teach with me a course on Field 
Marine Mammalogy that I offered for my students at Macalester College in St. Paul, MN, 
which took place in the Bahamas in 2002. 

During some time we discussed the possibility of coauthoring a textbook on marine 
mammalogy. Although there were good books on marine mammal biology and marine 
mammal guides, we felt that given the way we were teaching our respective classes there 
was a need for a more comprehensive, holistic approach to the subject. That project never 
came to fruition so when I was invited to edit this book I asked him to co-edit it with me 
given that his strengths (pinnipeds, physiology, biochemistry) complemented mines 
(cetaceans, evolutionary biology, conservation). 

Ed was not only a very competent colleague but also a great human being. He was as 
kindhearted as you can find. His critical contributions to this volume were also given on a 
tone of friendly advice to the authors while maintaining academic rigor. 

Ed is survived by his wife Katrherine, his mother Berniece of Denver and two younger 
sisters, Ann Baalbergen of Atlanta, and Ellen Leak of Denver. He will be sorely missed. 

 

Dr. Keith (to the right wearing a white shirt) with students during a marine mammal field 
course in the Bahamas in 2002. Picture by Aldemaro Romero. 
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